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FOREWORD

This Design Guide is submitted in partial fulfillment of Contract

NAS 8-20672, Stability Characterization of Advanced Injectors, Phase II.

The purpose of the Design Guide is to provide an orderly procedure for
designing a dynamically stable injector for an advanced crvogenic engine.
Since 1962, a series of research programs, principally funded by NASA but also
involving other agencies, has produced a wealth of data on the design and
operating characteristics of specific cryogenic systems. It is the intent
of this Guide to present comprehensively the accomplishments of this research
in a manner useful to the designer, emphasizing application. The theoretical
discussion is limited to that necessary to understand the proper usage of the
tools provided. The work presented represents a culmination of seven years
of effort in investigating the problem of combustion stability in high-pressure
liquid oxygen/hydrogen engines with the principal emphasis placed on what was
felt to be future injector designs for such an engine. Initially, efforts
were concentrated on a variety of injector types and engine systems. Later
emphasis, because of monetary as well as technological considerations, was
placed on the coaxial and impinging triplet injectors. The initial phases of .
the program demonstrated that the nature of the stability problem was no dif-

ferent with high-pressure from that with low-pressure engines.

The later phases of the program led to refinement of the stability
parameters which had been identified in the early phases of the program as
being significant. The results indicate that, in general, some form of
stabilizing device is required to produce a dynamically stable system. It
is possible, however, to design a dynamically stable system capable of with-

standing some small bomb-induced pressure perturbations.
This report is arranged in a manner which is cousistent with engine

design procedures such that consideration may be given to the design of a

stable engine in the early phases of the program. The general practice for
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FOREWORD (cont.)

engine design used as an outline for this report is the identification of the
engine system through feasibility studies followed by design refinements and
identification of operating requirements. Finally, there is discussion of
development hardware design and formulation of testing requirements to demon-
strate the design.

. Section 1 introduces the subject of instability as a process that can
be described by measurable phenomena. It eschews speculation as to mechanisms
but is consistent with the proposals of most prominent theoreticicans. It
also contains a critique of the available design data and indicates the areas
where new test data are required. A short section is devoted to the methods

of calculation that are proposed.

Section 2 reviews present design procedures for chambers and injectors
and introduces new parameters that have been found useful in characterizing

the stability of specific configurations.

Section 3 describes the application of stability criteria to the three
principal situations facing the designer. It is presented in the form of
design alternatives together with descriptions of the necessary calculations
to be made in order to reach a decision. Simple manual procedures are offered
with recommendations as to the particular occasions when it may be necessary

to resort to the computer.

Attention is directed toward early determination of the existence of
a potential instability problem, Precise calculation of parameters is
subordinated to simplified formulations to enable evaluation of the stability
of the proposed system. This approach is justified in that it identifies for
the designer what types of corrections may be required to stabilize the proposed
engine system. The designer may then give consideration to tradeoffs between
stabilization devices and requirements for performance, structural integrity,

durability, maintenance, and pressure schedules.

iv
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FOREWORD (cont.)

Section 4 provides a description of the computerized model discussed
in Volume II and 4its application to injector and chamber design. The purpose
of this subsection is to provide the user the option of performing rigorous
analyses of the effect of nozzle contour on the system. The model also
includes a subroutine for treating the effect on stability of altering injec-

tion distribution.

Section 5 discusses the various stabilization devices that may be used
if required to meet engine stability specifications. The section includes
design criteria for baffles and a simplified analysis for acoustic liners.

The section on acoustic liners is limited because design information on this
subject is availlable in the several references listed. Consideration is given

to tradeoffs required to secure optimum design.

Section 6 describes the subscale testing tools which may be used to
characterize the stability of an injector pattern. Methods of reducing high-
frequency stability data and descriptions of the instrumentation necessary to
obtain these data are included; Development testing of prototype injectors
is described, together with discussion of the locations of transducers and
the interpretation of the test data, including identification of instability

modes.

Volume II describes the operation of the various computer programs
referenced in Sections 3, 4, 5 and 6 of Volume I. Input requirements and
output format are discussed with special attention to selecting cases that
will most clearly bracket the required answers. A discussion of the rationale
employed and of the limiting assumptions is provided for each program.

Programmers' handbooks are referenced.

Appendix A contains short discussions of the principal theories

that have been advanced to explain combustion instability. They are included
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FOREWORD (cont.)

only to give the designer a feeling for the principles involved. For rigorous

treatment of each, a reference list is appended.

The data presented in the Design Guide are derived principally from the
following contracts:; NAS 8-4008, NAS 8-11741, F04611-67-C-0019, and NAS 8-
20672,

This work was sponsored by the NASA Marshall Space Flight Center,

Huntsville, Mr. R. J. Richmond, project engineer.

The combustion model which provided the basis for this analytical tech~
nique is the Sensitive Time Lag theory first developed by Dr. L. H. Crocco and

later extended by Dr. F. H. Reardon.

The work was conducted by the Engine Components Department, Thrust
Chamber Engineering Section, of the Aerojet Liquid Rocket Company under -
Dr. N. E. Van Huff, manager; Mr, J, M. McBride, project manager; and

Mr, W. W. Howard, project engineer.

Special acknowledgement is given to Mr. R. C. Waugh for his contribu-
tion in the development of analytical models, Mr. D. P. Dudley for programming
and conversion of the computer program, Mr. R. K, Turner for the reduction of
combustion stability theory into design criteria and analysis and correlations
of test data, and Mr. W. J. Nord for organizing and editing the material con-

tained in these reports.
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1. INTRODUCTION

1,1 SCOPE AND LIMITATIONS

This design guide is intended to aid in the design of advanced
cryogenic engines using oxygen and hydrogen., The method of analysis is based
on the sensitive time lag model first developed by Crocco. The application of
the model discussed in Section 3 consists of two approaches. The first
approach is a simplification of the second for the purpose of making prelimi-
nary estimates of the system's stability without resorting to computerized
models. The basic assumption on restriction of the first approach is that
losses associated with the nozzle geometry are constant for all modes in the
chamber, By doing this, the gains of the system define the range of frequen-
cies at which instability is likely to occur. Methods for calculating acoustic
modes in the chamber are given so that the stability of a specific system may
be obtained. The fully characterized system may identify problems concerning
unstable modes requiring the use of the devices described in Section 5 for

corrective action in the design,

The second approach discussed in Section 3 allows for a more rigor-
ous and, consequently, more accurate determination of the stability of the

system by using the computer model.

The basic approach for analyzing the stability characteristics of
such an engine discussed herein is limited only by the amount of empirical
data available on the various injector element types. Included in the design
guide are empirical correlations for the commonly used impinging coaxial
injector and the conventional impinging orifice injectors., If the design to
be analyzed is other than these types of elements, Section 6,1 describes an
experimental method whereby using a subscale tool, termed the Excitation

Chamber, the necessary data can be obtained.

Page 1
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1.1, Scope and Limitations (cont.)

The empirical parameters required for a given injector are best
described as being equivalent to a gain parameter (interaction index, n) and

a phase parameter (the sensitive time lag, T). These two parameters coupled
7

with an assumed combustion response function, %73 which is itself a function

of these parameters and given by:

1
'%T = n (1 - eST) Eq 1

Follo|

constitute the major assumption in the model first proposed by Crocco.*

Justification for the assumed response function can be found in
several references** as well as the experimental results of Cbntract NAS 8-
20672, 1In addition, the more popular mechanistic stability model which is
based on such physical processes as heat transfer to the droplet or pressure
dependent vaporization show in general that such a response curve is realistic,
A brief discussion of the various stability models can be found in

Appendix A.

The work conducted to date indicates that the interaction index can
be determined within +15% of its nominal value and the sensitive time lag
parameter, when determined from the excitation chamber discussed in Sectiomn 5,
within +5% of its nominal value. Correlation for the sensitive time lag
based on data from conventional engine tests is somewhat less accurate and

gives a nominal value in the order of +25% of the sensitive time lag.

*Crocco, L, and Cheng, S. I., "Theory of Combustion Instability
in Liquid Propellant Rocket Motors," AGARDograph No. 8,
Butterworths Scientific Pub., Ltd., London, 1956,

**%1. Crocco, L., "Theoretical Studies on Liquid Propellant Rocket Instability,'
Tenth Symposium (International) on Combustion, The Combustion Institute,
1965,

. Crocco, L., Grey, J., and Harrje, D. T., "Theory of Liquid Propellant
Rocket Combustion Instability and Its Experimental Verification,

ARS Journal, Vol. 30, No. 2, February 1960,

%2
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1, Introduction (cont.)
1.2 NATURE OF COMBUSTION INSTABILITY

The subject of combustion instability may be divided into two
categories. Phenomena of the first type are the results of coupling between
the feed system and the combustion process. The feed system contribution is
generally considered analogous to that of a resonant system with comnstant
passive_ resistance, while the combustion process provides the driving force
to maintain the oscillation both in the feed system and in the combustion
process. The classic treatment of one such sample rocket engine system was
first described by Summerfield®, With an increase in engine scale and system
complexity the analytical formulation of feed system-coupled low frequency
has become more complex. In the case of large systems, the frequencies of the
feed system modes approach the order of the frequencies of the acoustic modes
of the combustion chamber, necessitating a more rigorous treatment of the com-—
bustion chamber., In the case of the staged-combustion cycles the complexity
has been increased by the need to consider coupling between the primary and
secondary combustors as well as coupling between the combustors and their
réspective feed systems. A treatment of feed system—-coupled instability is
provided in the references®*¥*, The application to the staged combustion cycle
is currently being treated analytically under Phase II of NAS-8-20672 and will

be discussed in the subsequent final report.

The second category of instability is termed high frequency or
"intrinsic" combustion instability. Other terms that have been used to
describe this effect are "resonant burning', "acoustic mode instability",

"tangential instability", "radial instability", "longitudinal instability",

*Summerfield, Martin, "A Theory of Unstable Combustion in Liquid Propellant
Rocket Systems," ARS Journal, Vol. 21, No. 5, September 1951, pp 108-114,
#%Report 20672-PIF, Stability Characterization of Advanced Injectors, Final
Report on Phase I, Contract NAS 8-20672, Aerojet—General Corporation,
25 October 1968,

Page 3
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1.2, Nature of Combustion Instability (cont.)

"combined modes instability" (referring to combinations of tangential, radial,
and longitudinal modes), '"screeching", and "detonation-like modes of

instability",

Basically, all these descriptions indicate modes of instability
associated with the geometry of the combustion chamber and the properties of
the combustion gases. The frequencies observed correspond closely to the
values obtained using the speed of sound in combustion gases and the charac-

teristic dimensions of the chamber,

1.2.1 Physical Effects

Low frequency instability is usually reflected by significant
periodic variations in the propellant system pressures as well as in the
chamber pressure. These oscillations produce acceleration loads on the
components of the engine system which on occasion result in failure from

overstress or fatigue,

High frequency or "intrinsic" instability is observed as oscilla-
tions of large pressure amplitudes in the combustion chamber, regardless of
the response in the feed system. Besides mechanical vibrations that may be
damaging to the structure, there are locally intense increases in the heat

flux resulting in melting and erosion of the interior surfaces.

The onset of instability is often very sudden and violent. Even
when system procedures permit shutdown and restart, this cannot be effected
in time to prevent serious damage. System safety is therefore dependent upon

avoiding instability or upon its suppression.

Page 4
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1.2, Nature of Combustion Instability (cont.)

1.2.2 Combustion Response

Combustion response is generally used to describe the ratio of the
volumetric burning rate to the local pressure, or what is sometimes referred
to as the combustion admittance. To date two basic approaches have been taken
to describe combustion response., The first is referred to as the "heuristic
approach" where the combustion response is assumed to have a certain shape
such as trigometric function which varies with frequency, thus allowing it to
be described in two parameters (phase and gain). These parameters are con-—
sidered to be characteristic of the injector design and propellants used,
Justification for this approach can be found in the cited references®*, The

second approach, generally referred to as the "mechanistic approach,”

requires
that specific processes such as vaporization, mixing or kinetics be identified
as the rate-controlling process. Typical of this type of approach are the

models discussed briefly in Appendix A and in the references®%*,

The former approach is the one which forms the basis for the design
methods described in this report. It is worth noting that to the first order
the shape of the combustion response resulting from the two approaches is
generally the same when either mixing or wvaporization is assumed to be the

rate—-controlling processes in the mechanistic approach.

The assumption of a combustion response, which can be characterized
by injector and propellant parameters, allows the theoretician to describe

implicitly the energy input to the system and how it varies with frequency,

*]1. Crocco and Cheng, op cit.
2, Crocco, L., op cit.
3. Crocco, Grey, and Harrje, op cit,
*%1, Dykema, O. W., "An Engineering Approach to Combustion Instability," 2nd
Combustion Conference, ICRPG, CPIA Publication No. 105, May 1966,
2, Heidman, M. F., and Weiber, P, R., "Analysis of Frequency Response
Characteristics of Propellant Vaporization," NASA TN D-3749,
December 1966.

Page 5



Report 20672-P2D
1.2, Nature of Combustion Instability (cont.)

To demonstrate physically the significance of the combustion
response, if it is assumed the combustion is concentrated at one of the
boundaries of the system and if the mean or steady flow effects are ignored,
the local energy input to the system is given by the product of the local
perturbation pressure and velocity, or since the admittance is the ratio of
these parameters, the local energy input can be expressed as the product of

the combustion response (G) and the square of the local pressure (P) or:
E = GP Eq 2

This is, in general, an oversimplification; however, it does give a
feeling for the significance of combustion response. This simplification also
points to one other observation which can be made: that the energy input is
dependent on the local pressure so that sources in regions of low acoustic
pressure do not contribute much to the combustion response. This concept,
then, leads to treatment of injection distribution effects which are quanti-
tized in Section 4. Knowing the combustion response gives one of the two

major ingredients--the energy input in determining the stability of a system.

The indicated references®* give justification for the assumed
response function used in the heuristic approach as based on the physical
processes which occur in a rocket engine during combustion; therefore, it is
not too surprising that agreement exists between the mechanistic and heuristic
approach. Consider for example the mechanistic model proposed by Dykema®*%*,
keeping in mind that the heuristic approach results in the combustion response
being described by a magnitude (gain) and a phase parameter. This model con-

siders a fuel or oxidizer droplet, spherical in shape, in either an oxidizing

*1. Crocco and Cheng, op cit.

2. Crocco, L,, op cit.

3. Crocco, Grey, and Harrje, op cit,.
#%Dykema, 0. W., op cit.

Page 6
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1.2, Nature of Combustion Instability (cont,)

or reducing atmosphere. The mechanism or process which is rate-controlling is
the diffusion process, the rate of diffusion being analogous to a magnitude
parameter and the time required to diffuse to the flame surface from the dron-
let surface being analogous to a phase or time-lag parameter. 1In general, it
can be said that both the heuristic and mechanistic response curves® can be
described as having a maximum at a given frequency and the response decreasing
on either side of the sensitive or preferred frequency. This description
generally also applies to the heuristic model response function and the

response function approaches differ only in the shape of the curve.
1.2.3 Acoustic Modes

The most common modes of instability observed in a rocket engine
are generally referred to as either longitudinal or transverse., In the case
of the longitudinal modes the frequency can be estimated by considering the

combustion chamber as a closed tube with the injector at one end and the nozzle

at the other. As a first approximation of the effective length (see Figure 1),

_,l

Figure 1 -~ Combustion Chamber Schematic

*1, Dykema, 0. W., op cit.
2, Heidman and Wieher, op cit.
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1.2, Nature of Combustion Instability (cont.)

taking the entire length of the cylindrical section &, plus 2/3 the nozzle
conical section length gives for the longitudinal mode frequencies:

nth longitudinal mode (fn) =n n=1,2, 3 Eq 3

c

R

/2 T2

2

If the chamber Mach number becomes excessively large, the travel time

of the wave toward the nozzle increases and that toward the injector is reduced.
A correction factor has been derived for approximating the shift in frequency

due to the presence of mean flow* which is given by:

2
fmean - fno (1 - MC) Eq 4

flow flow

As a first approximation for the transverse mode the chamber is
treated as a cylinder of radius r. and the transverse mode frequencies are
given by

c Sv

. N
fn T 2nr
c

Eq 5

where the value of S\)n is unique for each transverse mode, A list of this S\)n
coefficient is given in Table 3, Section 3.1 for the various types of trans-
verse modes (i.e., radial or longitudinal). A physical description of each of

these modes is found in Section 6,

Mathematically the constant S\)n is derived in the following fashion,

Starting with the wave equation in cylindrical coordinates

. 2
VZ P = ;% -a—%, Eq 6
c at

*Handbook of Astonautical Engineering, Heinz Hermann Koelle, Editor,
"Combustion Parameters and Interior Flow'" by R. S. Levine, pp 20-57 through
20-68, McGraw Hill Book Co., 1961.
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1.2, Nature of Combustion Instability (cont.,)

where

2 P 1 9%
r T 22
or r 06

The separation of variables technique discussed in detail in
Reference * is used to solve the above wave equation. The resulting solution
is of the form

= J cos v 0
P N (S\) r/r ) Eq 7
for the standing modes described in Section 6,

The value of Sv is dictated by the fact that at the chamber wall
n g
the velocity normal to the solid wall must be zero. From the momentum equation

for a system with no mean flow this boundary condition requires that

P av

5t - P o T Oatr = r.. Eq 8

The values of S\)n given in Table 3 satisfy the condition that at
r/rc =1
J' (s = 0 Eq 9
v(\m) !
The value of S\)n used depends on the mode for which the frequency

is desired as indicated in the table.

Physically the nozzle represents a '"hole" in the acoustic cavity
(chamber) from which energy can be radiated. The degree to which this energy

can be radiated is measured by the nozzle admittance which is discussed in the

#C. R. Wylie, Advanced Engineering Mathematics, Second Edition, McGraw-Hill
Book Co., 1960,
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1.2, Nature of Combustion Instability (cont.)
body of the text. Suffice it to say that the larger the real part of the
nozzle admittance the greater the nozzle losses, Based on studies of the

parameters that affect nozzle admittance the variation is of the order shown

in Table 1, Section 3.1,

Page 10
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2. INITIAL DESIGN

The purpose of this section is to acquaint the designer with the

terminology and parameters associated with combustion stability.

The stability of a rocket engine system, as treated in this guide,

is dependent upon three factors:

The thermodynamic properties of the propellants,

The combustion response as the result of the type
of injection and mixing employed,

c The acoustic properties of the combustion chamber,
including its capacity for damping.

It may be presumed that the designer has no option in the choice of operating
system and propellants; these are determined by the original mission require-
ments and may be treated as initial design constraints. Moreover, the basic
design of the chamber and injector is usually dictated by considerations of
combustion efficiency, available space envelope, structural necessity, cooling
requirements, and propellant system feed pressures. By the time attention can
be directed to matters of stability, most of the important design parameters
have been established and the engineer is limited to compromises, mostly

affecting the injector pattern and the nozzle contour.

2.1 INJECTOR VARIABLES

In actual design practice the primary injector parameters -- chamber
pressure, mixture ratio, propellant inlet pressures, injector-chamber diameter --
are set within certain limits by mission considerations. In addition, the choice
of injection pattern is limited by the requirement to maintain combustion effi-
ciency above a certain percentage of the theoretical maximum. A portion of the
propellant flow may also be diverted for cooling the more sensitive surface of

the chamber and injector.

Page 11
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2.1, Injector Variables (cont.)

The duration of the combustion time-lag may be modified considerably
by the method employed for injecting the propellants. Basically, the injection
systems may be divided into parallel-injecting and impinging types. Examples

of the most common injection elements are diagrammed in Figure 2.

The parallel-injecting, or ''showerhead" type is simplest. Oxidizer
orifices are interspersed with fuel orifices in either a symmetrical or axisym-
metrical distribution with the axes of the orifices parallel to each other.
This leads to relatively slow vaporization and mixing, and a long total time-
lag. However, the last, or sensitive, portion of the lag may be very short,

depending on the velocity of injection and the spacing between orifices.

Impinging types may be classified as 'like" or "unlike'". 1In the
former, each element is produced by two or more streams of the same propellant
impinging to form a spray. Fuel and oxidizer sprays diffuse and react. The
rate of reaction will be affected by factors that govern the size and dispér—
sion of the spray droplets —-- namely, the velocity of injection, angle of

impingement, and the size and distribution of the orifices.

The "unlike'" impinging types combine the fuel and oxidizer streams
immediately upon injection. The various combinations are designed 'one-on-
one,'" triplet, quadlet, pentad, etc., as two, three, four, five, or more
streams compose each element. In general, the reaction time of the "unlike"
impinging types is less than for the others discussed, but the important vari-
ables are still velocity of injection, angle of impingement, and the orifice

size and distribution.

The "coaxial" injection element is formed by the intersection of

two conical streams having a common axis.

Page 13
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2, Initial Design (cont.)

2.2 CHAMBER VARTABLES

The contribution of the combustion chamber to stability is largely
determined by its acoustic properties -- that is, the orientation and fre-
quency of the modes of resonance and the capacity for damping. The only
factor that requires consideration in respect to stability, therefore, is

the geometry of the chamber interior.

The orientation of the resonant frequencies is determined by the
free paths for wave travel. Since most combustors generally have symmetry in
a cylindrical sense with the axial direction passing through the throat of
the combustion chamber, the following nomenclature compatible with a cylindri-
cal coordinate system has been adapted to identify modes of instability:
longitudinal modes for pressure oscillations in the axial direction and in
the direction of flow; radial modes for pressure oscillations transverse to
the direction of flow in the radial direction of the cylindrical coordinate
system; and tangential modes in the direction of changing angular position
and transverse to flow. These modes may appear singularly or combined
depending on the geometry of the system. A pictorial presentation of these

models are found in Figure 3.

The most commonly employed chamber type is the cylindrical,
Figure 3a, which is subject to all the modes described above. The frequency
of the longitudinal modes is inversely proportional to the length of the
chamber up to the nozzle, that of the transverse modes inversely to the

chamber diameter.
The conical chamber, shown in Figure 3b, is a variation of the

cylindrical chamber. The converging angle modifies the frequencies of the

natural chamber resonances, but the same acoustic modes are present.
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2.2, Chamber Variables (cont.)

The annular chamber, Figure 3c, is simply a cylindrical chamber
with a large center body. This latter inhibits the development of radial
modes and permits additional variations in nozzle contour that affect the

damping capacity.

The rectangular chamber may be treated as a small segment of an
annular chamber of very large radius. The frequencies of longitudinal oscil-
lations are the same as for the cylindrical chamber. The transverse oscilla~

tions vary inversely with the distance between the opposite walls.

The length and diameter of the chamber and the chamber pressure are
set within fairly close limits by performance requirements. The principal
area open to modification for purposes of stabilizing combustion is the con-
figuration of the nozzle. The effects of damping are subsumed under the term
nozzle admittance. The principal factors affecting the admittance are Mach
number, the length and angle of the convergent section, and the radii at the
approach and at the throat. Additional effects are produced by viscous drag
at the chamber walls and changes in the gas constituents as they are trans-
ported along the chamber. The techniques by which the nozzle damping may be

increased are discussed in Section 3.2.
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3. STABILITY EVALUATION

It is the intent of this section to provide the designer with a pro-
cedure for evaluating the stability of the system with which he is concerned,
to discuss the influence of certain parameters that are known to affect
stability, and to present some guidelines that have been found helpful in

stabilizing an unstable design.
3.1 . DETERMINING STABILITY

The approach used in evaluating the stability of a system is to com—
pare the rate at which the volumetric burning rate is increased for a unit
change in chamber pressure (combustion response) with the rate at which gases
are expelled from the chamber for a given unit change in pressure (nozzle

response).

It is not possible with the linear model, which is the basis of this
design guide, to treat induced perturbations quantitatively. This is a non-
linear phenomena (i.e., combustion response is dependent on the magnitude of
the pressure amplitude) and as such requires a non-linear analysis. However,
experience shows that a qualitative treatment of the problem is possible with
the data provided. That is to say, the most likely modes of instability can
be identified, and by referring to Section 5 the designer can then consider
what sort of damping device would be required and the physical characteristics

it should have.

Figure 4 is a plot showing the assumed shape of the combustion

response curve. This curve is defined by the relationship

- _ £
Ninjector =n (1-cos = fs) Eq. 10
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3.1, Determining Stability (cont.)

where n is an experimentally determined parameter used to describe the mag-
nitude of the injector response at the most sensitive frequency, fS. The
sensitive frequency is also experimentally determined and represents the
frequency at which a given injector exhibits its maximum gain (i.e.,
injector is at a maximum).

_Correlations for fs are given in the following sections as a function
of injector design and operating parameters. As determined experimentally, n_
was found to be insensitive to injector design and operating conditions evalu-
ated during this program and also to range in magnitude from 0.40 to 0.60.
For the purpose of any design examples presented, the value 0.60 is used since
this is the most comservative (i.e., most unstable condition) from the stand-
point of anticipating an instability problem. The parameter f represents the

frequency of interest.

Also indicated in Figure 4 is the magnitude of the chamber response,
Nchamber' In the design examples which follow, this parameter, which is a
measure of the chamber's ability to expel the additional gas volume generated
by an unstable combustion process, is assumed to be independent of frequency
over a given frequency range. 1In Section 4, Use of the Computer, the model
allows this parameter to vary. The function is held constant in this section
to permit a preliminary determination of stability without resorting to the
complex computer program. Different constant values for Nchamber are supplied,
however, depending on the type of chamber considered (i.e., cylindrical,
annular, rectangular, etc.). The values for the various types of chambers can

be found in Table 1, page 23.
The procedure for evaluating system stability is outlined below and

involves three basic steps: (1) determining the injector response curve,

(2) determination of the chamber response based on the type of chamber, and

Page 19



Report 20672-P2D

3.1, Determining Stability (cont.)

(3) determination of the acoustic modes of the chamber in the vicinity of the

frequency range where the injector shows a high response.

Step 1. Determination of the Injector Response Curve

From Equation 10 it can be seen that two parameters are required to
identify the injector response curve--the sensitive frequency (fs) and the

injector response magnitude parameter (no).

From experimental results to date, the injector response has been
found to be nearly constant and ranging from 0.40 to 0.60, The recommended
value for use is 0,60, The value of fS is dependent on the type of injector
orifice element being used and operating conditions. Empirical relationships
for two types of injector elements investigated in this program, the impinging

coaxial element and the conventional impinging elements, are

for the impinging coaxial element

4550 (}"4c:)()"l£3(1>]:)1/3
f = ’ Eq. 11
0.1

do > F(VR sin¢)

and for a conventional impinging element

(M P )1/3
c

(dO)l/2

£ = 1750 Eq. 1lla
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3.1, Determining Stability (cont.)

where

= chamber Mach number at the injector face.

c
P = ratio of chamber pressure (P ) to the critical
r ressure of oxygen (P ) £6r P < P

P & crit ¢ — crit

(? = 1,0 for P >P ).

r c crit

dO = diameter of oxidizer orifice (inches)
F (VR sin 0) is defined by Figure 5.
VR = 1Injection velocity ratio (fuel/oxidizer)
ol = dincluded angle between fuel and oxidizer stream

Example 1: Assume L02/LH propellants with coaxial injection.

2

A. Mach Number (MC) = 0.182
(Assume Ac/At = 3,33, vy = 1.2)

B, P = 1.0 (since P > P
r c

)

crit
C. Oxidizer injection velocity = 50 ft/sec
Fuel injection velocity = 500 ft/sec
VR = 10.0
D. Oxidizer orifice diameter (do) = (0.100 in.

E. ¢ = 7.5 degrees

. F (VR sin ¢) = 1.30 (see Figure 5)
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3.1, Determining Stability (cont.)

0.1 i/3

4550 M > x ®)
Then £ = = L
s 0.15 ?

dOX F (VR sin ¢)

4550 (0.180)°°° (1.0)

= = 4930 Hz.
(0.100)0"15 x 1,01
Step 2, Determine Chamber Response (Nchamber)
The term N defines the minimum chamber response required to

chamber
establish an acoutic instability within the chamber. This term is strongly

dependent upon the characteristics of the nozzle. Table 1 lists the inter-

action indices obtained for a wvariety of chamber shapes with uniform injection.

Table 1 -- Chamber Response as Function of Chamber Type

(Nchambers)
(Fundamental and Higher

" Type Order Modes)
Cylindrical 0.35 to 0.75
Annular 0.90 to 1.30
Conical 0.45 to 0.75
Rectangular 1.00 to 1.40

Because of the complexity of the equations (see Volume 2) and the
number of data points required to define a plot of N it is recommended
chamber
that this parameter be evaluated by running the appropriate subprograms of the
Combustion Stability Computer Program whenever possible. (See Section 4,
Table 8, for the required input). The output of the computer program in terms
of nooo which can be converted to N by the relationship N =

chamber chamber

2 xXn ., .
min
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3.1, Determining Stability (cont.)

Certain guidelines can be established for selection of N when
chamber

it is not possible to use the computer program.

1. For the most conservative estimate of system stability

(i.e., most likely to be unstable) pick the lowest value

of Nchamber)'
2. Low values of Nchamber are generally associated with high
contraction ratio chambers or low Mach numbers (i.e.,
M < 0,20).
e —

3. High values of N are generally associated with high

chamber
contraction ratios or high Mach numbers (i.e., M, > 0.30).

4. For annular nozzles, parametric studies indicate a greater
than 207 increase in N can be obtained by forming
chamber
the nozzle as shown in Table 2 and Figure 6, Case 5 as

contrasted with Case 8.

Step 3. Calculate the Frequencies of the Acoustic Modes of the
Chamber

Chamber mode frequency, fc’ is the final parameter needed to con-
struct the response graph and represents the various resonant frequencies
which can exist in a particular chamber in the transverse and longitudinal

directions. These frequencies may be determined from the acoustic equation:

speed of sound
wave length

Frequency = Eq. 12
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3.1, Determining Stability (cont.)

For longitudinal modes, the characteristic length is the distance
from the injector face to the nozzle throat. For the convergent section of
the nozzle, a factor of 2/3 (based on the geometry of comes) is applied. Thus,

for a cylindrical chamber

Qeff = zc +2/3 Q'n’

where the subscripts ¢ and n refer to the cylindrical and nozzle portions,

respectively.

For transverse modes, the characteristic length is the chamber diam-

eter. For transverse modes, Equation 12 becomes:

fmode = 57 ¥ Svn Eq 5 (ref)

where ¢ is the acoustic velocity, r is the radius, and S\)n is the argument of
the Bessel function as given by Table 3. A separate Bessel function applies
for combinations of radial and tangential oscillations. The frequency for
combinations of longitudinal and transverse modes is the vectoral sum of the

individual modes, thus

2 2
fi1, 17 \/(flL) + (£,p) Eq 13

Example 2: Compute the principal acoustic modes in a combustion chamber

having the following dimensions:

length (cylindrical portion), 5 in.
length (convergent portion), 6 in,
radius, 7 in.,

assumed velocity of sound, 5500 ft/sec.
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3.1, Determining Stability (cont.)

Table 3 -— Transverse Bessel Function Arguments

S %
vn

a. Tangential Modes

First tangential: Sll = 1.8413
Second tangential: S21 = 3.0543
Third tangential: '831 = 4,2012
Fourth tangential: 841 = 5.3175
Fifth tangential: S51 = 6.4154
b. Radial Modes
First radial: S02 = 3.8317
Second radial: S03 = 7.0156
Third radial: 804 = 10.1734
c. Combined tangential-radial modes
1T-1R: S12 = 5.3313
1T=2R: 813 = 8.5263
1T-3R: S14 = 11,7059
2T-1R: 322 = 6.7060
2T-2R: 523 = 9.9695
2T-3R: 524 = 13.1705
37-1R: 832 = 8.0151
3T-2R: 533 = 11,3459
37-3R: 834 = 14.5858

*The first subscript, v, represents the order of the Bessel function and agrees
with the order of the corresponding tangential mode. The radial modes v if
always zero. The second subscript, n, represents the order of occurrence of
maxima and minima in the expansion of the Bessel function, and is always the
first maximum for tangential modes. For the radial modes n equals the order
of the mode increased by unity.
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3.1, Determining Stability (cont.)
Thus the effective length
foss = 5+2/3x6 = 9 in.

Then for the longitudinal modes:

() edinal = 5300 (O _
first longitudinal = 7 (9/12) - 3660 Hz
(£) { tudi 5500 (2)
second longitudinal 7 (9712) 7320 Hz
For the transverse modes:
(£) .., , 5500 (1.8413)
first tangential = T r (7.0/1D) 2770 Hz
(£) . _ 5500 (3.0543)
second tangential = 7 7w (7.0/12) 5760 Hz
For the combined 1T, 1L mode:
(freq) . _ 2 2
combined transverse = (£) transverse + () longitudinal

(freq)

1T-1L (3660)% + (2770)% = 4700 Hz

Step 4. Construction of Response Curves

Having determined the injector and chamber response and the acoustic
modes of the combustion chamber from Steps 1, 2 and 3, the remaining tasks
involve the mechanics of constructing the characteristic curves such as shown

in Figure 4 and the interpretation of the results,
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3.1, Determining Stability (cont.)

Turning first to the mechanics of constructing a curve similar to

Figure 4, the injector response curve is

£
Ninjector =1 (l-cos fs) Eq 10 (ref)

which results in a peak in the response curve at f = fS and an intercept of the
abscissa at £ = 0 and f = 2fS. As previously stated, n is assumed to be equal

to 0.60.

Example 3: Construct the injector-chamber response diagram given the follow-

ing injector and chamber operationg conditions:

Injector type Coaxial
Oxidizer orifice size 0.15 in.
Chamber pressure A 300 psia
Chamber contraction ratio (E§5 3.0
Propellants t H2/02
Specific heat of combustion

products (§E~or Y) 1.2
Included anglg ¢ 20°
Design velocity ratio 6.0
Pcrit (oxygen) 730 psi
Chamber diameter 12,5 inches

From Equation 11 and Figure 5, the sensitive frequency is calculated
to be 3500 Hz#* Letting the element response magnitude be 0.60, the curve for
the injector response can be constructed by plotting Equation 10 as shown in

Figure 7 for various values of f.

* Note that the difference in sensitive frequency compared to Example 1 is
almost entirely due to do. Pr and F (VR sin ¢) have small effect.
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3.1, Determining Stability (cont.)

Proceeding to Step 2 and assuming the chamber to be used is cylindri-

cal for the contraction ratio specified, the relationship

yrl
A 2(y—1)
- L2
Mc B AC (Y+l Eq 14
= 0.20,

results. From Table 1 and the guidelines given in Step 2 this gives
Nchamber = 0.70.

This wvalue for is shown as a horizontal line on Figure 7.

Nchamber
It is now apparent that the frequency range over which instabilities are likely
to occur is 1900 to 5100 Hz. Calculations of the various acoustic modes for
the 12.5 inch chamber using the relationships specified in Step 3 indicate

that the likely modes of instability are the first tangential at 2500 Hz and
the second tangential at 4000 Hz. Where selecting 5000 ft/sec for the speed

of sound with these propellants at the given operating conditions.

¢S
~ vn _ 5000 (1.84) x 12 _
fir = 2T, (6.28) 6.25 -~ 2800 Mz
and
5000 (3.05) x (12) _
far = T6.28) (6.25) = 4650 Hz

where S\)n was obtained from Table 3.

The longitudinal modes, which can also be calculated from a known
chamber length, are not evaluated because experience shows these modes do not

present a problem. This is believed to result from two factors—-the higher
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3.1, Determining Stability (cont.)

N values for these modes (of the order of 1/3 greater) and the distri-
chamber

bution of combustion axially along the chamber which tends to give an effec-

tive increase in N . As estimated, the effective N for the longi-

chamber
tudinal mode only is given by

chamber

2
(effective) = N cos 2 E“&—-] Eq 15

chamber { off

N
chamber
where {4 is the dimension from the injector face to the point of maximum combus-

tion, which is generally 2 in. to 5 in. for most engines.

Knowing the modes of instability, certain design modifications can be
made to improve stability (which is the topic for the next section) or it is

possible now to design a stabilizing device such as discussed in Section 5.0.

As stated earlier, the proposed model only treats the problem of
linear instability and not the case of those types of instability‘which are
induced by perturbations. Thus, if a system is predicted to be stable by this

method, it may be inferred that the system will not be spontaneously unstable.

Experience indicates that there are few, if any, systems which cannot
be perturbed unstable by start transient spikes or other sources of perturba-
tion. Based on experience to date, it would appear to be good design practice
to consider as a minimum that some sort of stability device is required for
man-rated systems and should be evaluated as a possible development

requirement.

The approach just discussed in Step 2 can be used to identify whether
such a device would be required and what its design characteristics should be.
Experience has shown that transverse acoustic modes in the vicinity of the

sensitive frequency (fs) are the most likely modes to be pulsed unstable in a
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3.1, Determining Stability (cont.)

system that is not spontaneously unstable. Thus, the injector response curve
can be used to identify what modes are most likely to be pulsed unstable and
Section 5.0 can be used to design the damping device or as a minimum to evalu-
ate the impact of such a device if later developments should show it to be

necessary.

Guidelines

Several basic '"rules of thumb' have been developed from experience

which will help the designer begin his stability evaluation task:

(1) The sensitive frequency should be less than the lowest funda-
mental mode frequency. Since the gain of the injection process is maximum at
the sensitive frequency, it behooves the designer to remove any possible
chamber modes from this vicinity. By setting the frequency lower than the
fundamental, it can be assured that the harmonic modes also will be higher

than the sensitive frequency and even further displaced.

(2) 1In the event Item (1) is impractical, the chamber should be
designed so that a minimum number of modes will fall within the sensitive
frequency curve above the minimum gain line., This would have the effect of

limiting the protection requirements for the lower order modes.

(3) The value for velocity ratio used in the injection correlation
equation should (if possible) exceed 10. Hydraulic considerations, propellant
pump requirements, etc., may preclude adherence to this rule; however, data
obtained thus far on two test programs (ref NASA TN D-3373 and Final Report
11741/SA6-F) demonstrate the worth of using large velocity ratios to suppress
instability.
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3.1, Determining Stability (cont.)

(4) TFor chambers with low contraction ratios (i.e., Mach numbers
above 0.20) the mode frequencies and chamber interaction indices should be
calculated solely by the computer program. The acoustic equations, however,
will give good approximations for chamber frequencies at low Mach numbers, and

corresponding N may be approximated from Table 1.

chamber

3.2 _MANTPULATING INITIAL DESIGN

The calculations performed as indicated in Section 3.1 may show that
the initial design is stable with respect to all conceivable modes. This is
most likely to be true for very small chambers where the fundamental modes
have frequencies much higher than that of the combustion response. 1In this
case the only additional requirement is to demonstrate dynamic stability by

pulse testing with prototype hardware,

In most instances, however, the designer will need to alter his
original configuration in order to achieve stability and will also have a
certain flexibility of choice in the manipulation of one or more of the design
parameters., It is advantageous then to examine the effect upon stability of
permitting these parameters to vary. This is relatively simple if there is
only one free parameter. Quick calculations at the mean and both extremes of
parameter variability may show whether there is a good prospect for a success-

ful solution.

The approach may be made from two directions: (1) by shifting the
sensitive frequency through operating on the injector pattern, or (2) by mov-
ing the resonant frequencies of the respective chamber modes by redesigning

the chamber contours.
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3.2, Manipulating Initial Design (cont.)

3.2.1 Calculating Limiting Injector Parameters

In each instance it is first necessary to determine how much the sen-
sitive frequency must be displaced to provide neutral stability for the mode
in question. This is equivalent to letting the combustion response equal the
chamber response for the mode in question and solving for the sensitive fre-

quency fS.

Example 4: The frequency of the first tangential mode for a given chamber is
3720 Hz. Given the following data determine whether the system is stable and
if not to what value must the sensitive frequency be shifted to assure

stability.

fS = 3500 Hz
flT = 3720 Hz
n = 0.6
o
Nchamber = 1.0 flT
Ninj = n (l1-cos 7 E;- Eq 10 (Ref)
3720
= 0,6 (l-cos 3500)

Il

0.6 (1-cos 3.34 (rad))

0.6 (1 +0.98) = 1.19

Since N, > N the system will be unstable in the 1T mode. To obtain a
inj chamber

sensitive frequency that will have neutral stability in the 1T mode,
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3.2, Manipulating Initial Design (cont.)

f

- - _iT
Let Nchamber = ng (1-cos w fs
£ N
cOos T ,._.:L:E = l -— M = _0.67
f n
s o
f
il Eiz- = 7+ 0.84 (rad)
s
f = .——j—r.—il
s m + 0.84
3,14 _
fS = 330 x 3720 = 5070 Hz
or
3.14 _
fS = '5':"9—'§ x 3720 = 2940 Hz

As can be seen from Figure 8, the first solution would move the sensitive fre-
quency to a higher value where it would be within the range of modes of higher
order than the 1T, which would be undesirable. The second solution would not
only meet the requirement for the 1T mode but would lessen the response to the

higher order modes as well,

3.2.2 Manipulating Sensitive Frequency

The sensitive frequency for coaxial elements may be calculated using

Equation 11,

0.15

M 1/3
£
d

(Pc/Pcrit)
F (VR sin @)

£ = 4550 Eq 11 (Ref)

(o]
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3.2, Manipulating Initial Design (cont.)
This equation contains six variable terms:

Mach number, MC
Orifice diameter, do (less volatile propellant)
Chamber pressure, PC

Critical pressure, P (%ess volatile propellant)

crit
. Injection velocity ratio, A VR, and

Impingement angle, 0. °

One of these, the critical pressure, is a physical property of the propellants
selected and therefore not subject to variation. The other parameters may be
manipulated to some extent depending upon the design operating requirements and

the type of injector and chamber selected.

Mach Number

Mach number is a function of the contraction ratio and the ratio of

specific heats

Yy + 1

m Eq 14 (Ref)

y + 1

As the ratio of specific heats is a function of the propellants burning at a
given mixture ratio, it may also be considered constant at 1.2, permitting
variation only in the contraction ratio. For nearly all applications the con-
traction ratio falls between 1.5 and 6.0, giving a Mach number range of 0.10 to

0.40 for a total variation of + 12 percent in sensitive frequency.

‘The sensitive frequency varies in the same direction as Mach number.
Therefore, fS may be reduced slightly either by constricting the throat, with
attendant rise in chamber pressure, or by enlarging the chamber gas sectional

area.
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3.2, Manipulating Initial Design (cont.)

Pressure Ratio

1/3

P

The term [P = } represents the effect of varying chamber pressure
crit

on sensitive frequency when the chamber pressure is below the critical pressure.

Using 50 psia as a lower limit for a 02/H2 system and 730 psia as the
Pe

critical pressure of 0O

1/3
5 } is 0.41 to 1.00.

the maximum variation in
crit
Because fs varies in the same direction as P_, the frequency of maxi-
mum sensitivity would be reduced to less than half by reducing the chamber
pressure from 730 psia to 50 psia. For applications where PC > P .. _ this param-

crit
eter does not enter into consideration.

Velocity Ratio and Impingement Angle (co-axial element only)

Figure 5 shows F (VR sin )) as a combined function of the ratio of the
propellant velocities and impingement angles. The curve, developed from experi-
mental data, expresses both momentum effects, most noticeable at high velocity
ratios and large angles of impingement, and shear effects, predominating where
the velocities are nearly equal and where the stream directions are parallel
(showerhead) or nearly so. From Figure 5 it can be seen that the range of

variation of F (VR sin @) is from 1.0 to 1.4.

Oxidizer Orifice Diameter

The sensitive frequency can also be changed by varying the diameter of
the oxidizer (less volatile propellant) orifice. In contemporary engines the
orifice diameters range from approximately 0.020 in., for very small engines
to somewhat in excess of 1/2 in. for engines on the order of a million pounds

of thrust. The limits are set primarily by considerations of performance,

Page 40



Report 20672-P2D
3.2, Manipulating Initial Design (cont.)

hydraulics, and fabrication. For any specific application, therefore, only a

portion of the range is available for the designer to manipulate.

The effect of increasing the oxidizer orifice diameter is to lower the
sensitive frequency. For the range of diameters 0.020 in. to 0.500 in. taken
to the 0.15 power, (do)o'15 ranges from 0.56 to 0.90, giving a variation in

sensitive frequency by a factor of nearly 2.

Total Variation

The upper and lower limits of sensitive frequency may now be evaluated.

, ) 0.15 (Pc/Pcrit) 1/3
fS = 4550 do T (VR sin &) Eq 11 (Ref)
4550 (0.708 -~ 0,.874) (0.41 -~ 1.00)

(0,901 -+ 0.556) (1.4 -~ 1.0)

1045 Hz - 7150 Hz

Naturally only a fraction of this range is available for any specific rocket
application, the extent of the variation being limited by the operating

conditions and design constraints.

3.2.3 Varying Frequency of Chamber Modes

In the same manner that the sensitive frequency can be moved to avoid
one particular chamber mode it is also possible to displace a class of modes
with respect to the sensitive frequency. The factors involved are the speed
of sound and the chamber dimensions, For practical purposes the speed of sound
must be assumed constant as it is based on the thermodynamic properties of the

propellants and the operating conditions.
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The frequencies of the longitudinal modes vary inversely with the
length of the chamber, those of the transverse modes with the chamber diameter.
As all modes of a class (i.e., transverse or longitudinal) are affected, it is
generally preferable to raise rather than to lower their frequencies. Hope-
fully by raising their frequencies, the fundamental modes will have values
higher than the sensitive frequency associated with the injector, and conse-
quently.harmonic modes will be even further removed. This is accomplished by
minimizing the appropriate dimension, However, as minimum chamber size is most
generally a design objective for other reasons, it is to be expected that all
possible has been done that would increase the acoustic frequencies. The excep-
tion would be where, because of design constraints, it is impractical to move
the fundamental mode to the right (ascending frequency) of the sensitive fre-
quency peak. Then the fundamental and the first harmonic should span the sen-
sitive frequency and added damping should be applied to suppress interaction

with the combustion.

3.2.4 Injector Index (Nol

As mentioned in Section 3.1, NO for the injector is not adaptable to
direct calculation but must be determined experimentally. In Section 6.1 a
short test program is outlined by which the interaction index of a limited num-
ber of injector configurations may be approximated. If the designer does not
have this option he had best assume the conservative value of 0.6.

)

3.2.5 Maximimizing Chamber Response (Nchamber

The response for the combustion chamber is conditioned by both geo-
metric and combustion parameters., These effects are interdependent so that as
yet there is no precise knowledge of their individual impact. In Table 1,

Section 3.1, the range of the response is given for various types of chambers.
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3.2, Manipulating Initial Design (cont.)

This represents a fairly comprehensive listing of analytical data which has
been partially verified by experimental results, The designer is advised to
assume the lower limit of these ranges if he is not prepared to conduct a

detailed parameter study.

Based on parameter studies conducted to date, the following variations

tend to increase the chamber response.

1. Decreasing the chamber contraction ratio or increasing Mach

number,

2. For annular chambers, placing the nozzle throat nearer the chamber

outer wall.

3.2.6 Propellant Distribution

One factor that is known to affect the chamber interaction index for
transverse modes is the radial density distribution of the propellants. The

relationship is expressed by the term AVn equation

N
chaz?err(u) Eq 16

Nchamber (nu)
vn

where:

N = chamber response with uniform injection
chamber (u) pons r 3 ?

N = chamber response with non-uniform injection, and
chamber (nu)

A
vn

]

pressure distribution coefficient.
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The pressure distribution coefficient has the following characteristics:

a. It measures the combustion sensitivity of the system with non-

uniform injection of propellants.
b. It applies only to the transverse modes (tangential and radial),

c. The numerical value for the coefficient is different for each
transverse mode (except for uniform distribution when the coef-

ficient is unity for all modes.

d. It assumes one-dimensional flow in the chamber with no mixing of

streamlines, and
e. It is assumed that the combustion process is pressure sensitive.

The influence of AVn may be stabilizing or destabilizing depending
upon the apportionment of the injected propellant in relation to the nodal
points of the respective modes. In the nominal condition the propellant has
a uniform radial distribution with reference to the chamber axis. That por-
tion of the burning taking place near the pressure nodes of a particular
oscillation will do little to sustain the oscillation. On the other hand,
that portion of the combustion occurring near the pressure antinodes of a
specific mode will have a driving effect. Theoretically, then, if all the
propellant could be injected through an annulus of zero width at the location
of a pressure node (e.g., the axis for the 1T), combustion would not reinforce
acoustic oscillations and any disturbance would be attenuated for the particu-
lar mode in question. The problem is therefore to apportion some propellant
flow to each radial zone (to prevent lateral migration) while restricting the

flow at radii corresponding to the antinodes of modes with frequencies in the

Page 44



Report 20672-P2D
3.2, Manipulating Initial Design (cont.)

vicinity of the sensitive frequency. The residual propellant would then be
injected near the pressure nodes of the more prominent modes. The objective
would be to make the coefficient Avn as small as possible for each of the

modes lying near the sensitive frequency.

Many injectors have distribution patterns such that the coefficient
Avn may be closely approximated using simple manual calculations. For example
for the injection distribution depicted in Figure 9 and mode frequencies of
2000 and 3300 and 5800 Hz for the 1T, 2T and 1T-1R modes and a sensitive fre-

gquency of 2500 Hz, AVn may be obtained by performing the following calculation.

Gas Flow

&

wall | wall

(x—l normalized to 1. 0)

Chamber axis - —/4

Figure 9 —- Varying Injector Distribution
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Figure 10 — A.Vn as Function of Chamber Radius
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3.2, Manipulating Initial Design (cont.)

Example:
Given: w, = WA + wo + WC + Wy + Vg
i (%
(Avn)mode - Z i -%;_ Avn (ri) Eq 17
where:
Wt = Total weight flow
v'vi = Weight flow through ith annulus
Avn(ri) = Functional relationship found from Figure 10.
r, = Mean radial distance from the chamber axis to the
+ centroid of the ith annulus, normalized from zero
at the chamber axis to 1.0 at the wall.
Procedure:
Step 1. Subdivided injection distribution into five annular zones
(A through E), Figure 9.
Step 2, Determine A, for the first tangential mode and first
tangential~first radial combined mode.
Step 3. Calculate new N from equation 16.

chamber

Note in Table 4a how the majority of the Avn integral comes from
Zone E, This is partly because the area of Zone E is greater (high propellant
flux) than for the other zones, but mostly because of the greater interaction
exhibited by the tangential modes near the wall. In contrast, in Table 4c it
is Zone B that contributes the largest percentage to the Avn integral, the
result from the antinode of the radial component of the 1R-1T mode occurring

at r, = 0.35.
1
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Table 4 == AVn as Function of Injection Zone

& First Tangential Mode

Zone Wi/wt fi Avn (ri) (Wi/wt) Avn (ri)
A 10% 0.1 0.05 0.005
B 30% 0.3 0.25 0.075
C 20% 0.5 0.57 0.114
D 5% 0.7 1.12 0.056
E 35% 0.9 1.35 0.472
100% 0.722
Hence, (Avn)lT = 0,722
b. Second Tangential Mode
Zone Wi/wt ii AVn (ri) (Wi/Wt) Avn (ri)
A 10% 0.1 0.0 ~ 0
B 30% 0.3 0.08 0.024
C 20% 0.5 0.40 0.080
D 5% 0.7 1.05 0.052
E 35% 0.9 1.65 0.577
100% 0.733
Hence, (Avn)2T = 0.733

c. First Tangential/First Radial Mode

Zone Wi/wt fi Avn (ri) (Wi/Wt) Avn (ri)
A 10% 0.1 0.60 0.06
B 30% 0.3 2.80 0.84
C 20% 0.5 1.60 0.32
D 5% 0.7 0.0 0
E 35% 0.9 0 0.28
100% 1.50
Hence, (Avn)lT-lR = 1,50
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It should be re—emphasized that the values of Avn do not themselves
express whether the system is stable. They merely compare the stability of a
single nonuniform injector pattern with that from a uniform or "flat"
distribution.

For a cylindrical chamber having a Nchamber of 0.70 (see Table 1) for

uniform injection the new values of N for the 1T, 2T, and 1T-1R modes

chamber
are:
Nchamber (1T) = 0,97 (more stable)
NChamber (2T) = 0.96 (more stable)
Nchamber (1T-1R) = 0,47 (less stable)

Since the sensitive frequency of the injection elements was much
closer to the 1T and 2T frequencies versus the 1T-1R frequency it is more

important to stabilize for those modes.

Often a non-uniform injection distribution pattern will exist that
does not readily divided into a small number of zones similar to the example
problem. In this case the designer should use subprogram (J) of the Sensitive
Time Lag Computer Program to obtain his distribution coefficient. This sub-
program uses the spatial element location, orifice diameters and hydraulic
resistances, pressure drops, and film coolant orifices (considered to be non-

reacting) and integrates the value of the coefficient over the injector face.
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Given:

1. Injector configuration
2. Chamber and nozzle configuration
3. Operating parameters

Step 1

Calculate injector sensitive
frequency, fs.

Step 3

Determine injector pressure

Step 2

Calculate acoustic mode
frequencies of thrust chamber.

interaction index, n,e

Step 4

Determine chamber mode inter=

action indices, n_ . .
min

response curve.

Step 5

Construct approximate combustion

Stable System

Using computer program, cal-
culate exact chamber mode
interaction indices approxi-
mated in Step 4 to see if
system remains stable

Unstable System

Determine latitude that the
injector and/or chamber design
can be altered and repeat

Steps 1 = 5,
|

Design damping devices if still
unstable,

Figure 11 - Decision Diagram —- Evaluating Stability
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3.3 ILLUSTRATIVE DESIGN PROBLEMS

Practical case studies are helpful to the designer by introducing
problems which commonly occur during the development programs. In practice,
the application of stability theory to design is best illustrated by three

general cases:
(1) Given the chamber and injector configurations and the flow
parameters, determine the stability of the system.

(2) Given the injector pattern and the operating conditions,
assist in the selection of a chamber design.

(3) Given the dimensions of the chamber and the design operating

conditions, design a stable injector.

Decision diagrams describing the recommended approaches are shown in
Figures 11, 12, and 15. An illustrative problem representing the various

considerations facing the designer follows for each of the three cases.

3.3.1 Case I-—-Evaluating System Stability

The most frequent calculation required of the designer is the
evaluation of the stability of the system with respect to the most prominent
acoustic modes. This evaluation is necessary after designing a chamber or an
injector with specific stability characteristics (Cases II and III) as well as
when the design has been established previously and it is desired to know
whether the system is inherently stable or whether additional damping is

required.

The procedure divides into four steps:

Step 1. Calculate the injector sensitive frequency (fs) for the

given injector design utilizing the correct correlation equation and operating
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3.3, Illustrative Design Problems (cont.)

conditions. Assume the injector pressure interaction index (no) = 0.60 (see

Section 3.1) and plot the injector response curve.

Step 2. Calculate the various chamber modes which have frequencies
in the region of the injector sensitive frequency. Depending upon whether the
purpose is to give the designer a sense of the nature of his problem or whether

he requires documentation for a design review, there are two approaches:

a. An approximate method disregarding combustion and using

only the acoustic equations (hand calculations in Section 3.1).

b. A more rigorous method using the sensitive time lag
computer program which considers combustion process along with the basic

conservation equations (Section 4).

Step 3. Determine the combustion chamber response from Table 1 and

draw the line N parallel to the abscissa or calculate the chamber
chamber

response for each mode using the same computer program as in Step 2b.

Example 6: Evaluation of Stability

For purpose of illustration, let it be assumed that the system

configuration and operating conditions are as follows:

Injector Design Parameters

a. Coaxial element, centrally located oxidizer tube

b. Oxidizer tube diameter = 0.15 in.

c. Propellant velocity ratio = 6.0

d. Propellant impingement angle = 20°

e. Injector pressure interaction index (no) equals 0.6
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3.3, Illustrative Design Problems (cont.)

Operating Parameters

a. LOz/hydrogen propellants

b. MR = 5.0

c. ¢ = acoustic velocity = 5500 ft/sec

d. Oxygen critical pressure (Pcrit) = 730 psi
e. Chamber pressure (Pc) = 300 psi

Ratio of specific heats (y) = 1.20

Chamber Design Parameters

a. Chamber diameter = 14.0 in.

b. Effective chamber length (zeff) = 9,0 in.

area of chamber)
area of throat

c. Contraction ratio ( = 3.0

d. No acoustic liners, baffles, or other damping technigques
considered in the chamber

Step 1. Solve for Sensitive Frequency

Mc 0.15 (Pr)0.33 ,
= —_— Eq 11 (Ref
<fs) 4550 d ) F(V.R. sing) 4+ )
ox
where Mc = Mach number
d = oxidizer diameter, in.
oxX
P
s . c 300
P = c¢ritical pressure ratio = or 0.412
r . 730
crit

F(V.R. sin¢) functional relationship of the velocity ratio

and the impingement angle (see Figure 5)
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3.3, Illustrative Design Problems (cont.)

Y+1
Athroat 2 2(v-1) _
M = Vi1 = 0.20
¢ chamber
0.15
4550 (9439) 0.412)°°33
£ = 0.15 :
s 1.03

It

3440 Hz

Step 2. Solve for the Acoustic Mode Frequency

From Section 3.1, the transverse and longitudinal chamber acoustic

frequenéies may be calculated from the following equationms:

c S

(freq) = 2L
ed transverse modes 2 ﬂrc
where a = acoustic velocity, ft/sec

r, = chamber radius, ft

Svn = Bessel function argument (Table 3)
_ 5500(1.8413) _

<f)first tangential 21 (7.0/12) 2770 Hz
_ 5500(3.0543) _

(f)second tangential 2r (7.0/12) 4600 Hz
_ 5500(3.8317) _

) first radial = o (7.0/12) ~ 2760 Hz

(freq) =28

longitudinal. modes 2 geff
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3.3, Illustrative Design Problems (cont.)

where S = order of longitudinal mode (1, 2, . . . n)
eff = length of cylindrical portion of chamber plus 2/3 of the
nozzle convergence length
_ 5500(1) _
() irst longitudinal = 2(9/12) ~ 3660 Hz
_ 5500(2) _
(f)second longitudinal = 2(9/12) 7320 Rz
2 2
£ =
( req)combined transverse (f)transverse + (f)lcngitudinal
longitudinal mode
(freq) - -\/(2770)2 + (3660)>
red oL
(freq)lT_1L = 4600 Hz

The high order transverse, longitudinal or combined modes are disregarded
since their frequencies would be considerably above the sensitive frequency
and, consequently, would receive very little driving energy from the injection

process.

Step 3. Plot Frequency Response Curve (Figure 4)

The plotting of the frequency response curve requires only supplying
a sufficient number of arbitrary values for %-over the interval 0 to 27 to
facilitate plotting the curve. It is most convenient to normalize all frequen-
cies with respect to fs’ thereby eliminating the need to plot a new curve for

each occasion. The following points shown in Table 5 are generally sufficient:
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3.3, I1lustrative Design Problems (cont.)

Table 5 —- Generalized Injector Respons; Tabulation
£
f/fs Radians ot fs oS T fs N
0 0.0000 1.0000 0 0

0.25 0.7854 0.7071 0.2929 0.1757
0.5 1.5708 0.0000 1.0000 0.6000
0.75 2.3562 -0.7071 1.7071 1.0243
1.0 3.1416 -1.0000 2.0000 1.20-0
1.25 3.9270 ~0.7071 1.7071 1.0243
1.5 4.7124 0.0000 1.0000 0.6000
1.75 5.4978 0.7071 0.2929 0.1757
2.0 6 0.0000 0.0000

.2832 1.0000

Step 4. Plot Chamber Interaction Index

To use the approximate method, consult Table 1. The chamber
response index for a cylindrical chamber with 3.0 contraction ratio utilizing
LOZ/LH2 is nominally (.80. The horizontal line NChamber crosses the frequency
response curve at 0.61 and 1.39 frequency ratio, corresponding to chamber
frequencies of 2100 Hz and 4780 Hz. The intervening zone is unstable. By
inspection, therefore, it can be noted that the first (2770 Hz) and second
(4700 Hz) tangential modes and the first longitudinal mode (3660 Hz) lie
within the unstable zone. The first radial (5760 Hz) and second longitudinal

(7320 Hz) are outside the unstable zone.
No corrective action is taken for the 1L mode because, as discussed

previously in Section 3.1, this mode is highly damped by the nozzle losses and

the distribution of combustion along the chamber axis.
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3.3, Illustrative Design Problems (cont.)

For a design solution to the problem of the tangential modes using
baffles, an illustrative case is presented in Section 5.1. Assuming the
designer has followed this course, the chamber interior has been modified to
incorporate radially oriented baffles extending into the chamber 3.5 inches

beyond the interface between the injector and chamber.

3.3.2 Case II, Design of Combustion Chamber (Figure 12)

This situation arises when a high performing injector is available
from previous development but the chamber design either is inadequate or must
be adapted to a new application. In this case, the designer has some flexi-
bility in selecting the chamber length and volume, contraction ratio, and
nozzle contour. These selections will be strongly influenced by considera-
tions of performance and compatibility; but for the present example, they will

be assumed to be soluble within the framework required to assure stability.

The procedure involves the following steps:

Step 1. Calculate the injector response.

Step 2. Design the chamber/nozzle assembly using the following

criteria:

a. The acoustic modes of the chamber should have their
frequencies displaced from the injector's sensitive
frequency.

b. The combustion chamber response should be maximized
(i.e., N maximized).

chamber
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Given:

1. 1Injector configuration
2, Operating parameters

Step 1

Step 2

Calculate injector sensitive Determine injector pressure

frequency, fs.

interaction index, n .

Step 3

From mission requirements, determine
approximate size and shape of thrust
chamber and nozzle envelope.

Step 4

Calculate acoustic mode frequencies
of thrust chamber.

Step 5

Determine chamber mode interaction

indices, n_. .
min

Step 6

Construct approximate combustion
response curve.

Stable

Unstable System

Redesign chamber and/or nozzle
within mission requirements
and repeat Steps 3 - 6.

|

Design damping devices if still
unstable.

Figure 12 —- Decision Diagram —- Selecting Chamber Design
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3.3, Illustrative Design Problems (cont.)

Example 7: Design of Combustion Chamber

For purposes of continuity as well as simplicity, it will be
assumed that the same injector element will be employed as in>Case I and,
likewise, the operating conditions remain the same. For this example, the
contraction ratio will be the major parameter investigated. Three values
will be -studied: 1.5, 3.0, and 4.5, which is a practical range of contraction
ratios for the major engine systems. The engine for this design problem will
be required to operate at a thrust of 15,000 pounds and a specific impulse of

375 seconds. The ratio of specific heats (y) is assumed to be 1.20.

v+1
2(y-1)

2
Y+1

1
¢ Contraction Ratio

1

ErEf-(0.606) = 0.405 (C.R. = 1.5) and 0.135 (C.R. = 4.5)

The effect of these values on the sensitive frequency in the coaxial
injector correlation equation (see Section 3.1) yields:

™ )0.15
c

= 0.87 (C.R. = 1.5) and 0.74 (C.R. = 4.5)

thus altering the sensitive frequency by approximately 15% over the range of
contraction ratios of 1.5 to 4.5. Uncertainty about the contraction ratio
therefore permits a variation of up to 15 percent in the sensitive frequency.
This variation is small enough that a nominal value for contraction ratio of
3.0 can be assumed for a first trial, following the procedure described in
Section 3.1.

M0.15 % P
T

F (VR sind)

h
"

4550 < Eq 11 (Ref)
150+ 15

3440 Hz, with a possible range from 3240 Hz to 3820 Hz.
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3.3, Illustrative Design Problems (cont.)

For the assumed injector response No of 0.6 (see Section 3.1), the

frequency distribution curve calculated for Case I may also be used here.

Step 2. Design Chamber and Nozzle

From the design operating conditions

: F 15000 _
W, =7 = 375 - 40 1b/sec
sp
c*® %
A oMb 7600 x 40 _ o o . 2

t PC g 300 x 32.2

and (for cylindrical chambers)

- A _
d, =A/—> = 6.34

r = 3.17

Table 6 can now be constructed in which the frequencies of the
primary chamber modes are calculated as single variable function of the
contraction ratio. Chamber One (AC/At = 1.5) has fransverse modes which exceed
the 3200 to 3650 Hz sensitive frequency range, but because of its length-to-
diameter ratio low frequency longitudinal oscillations may be initiated.
Chamber Two (Ac/At = 3.0) is potentially the least stable chamber with many
frequencies close to the sensitive frequency range, with the higher order

modes not shown on the table.
Longitudinal modes are seldom observed. This would lead to the

selection of a contraction ratio of 1.5 as the most attractive design.

Figure 13 shows the predicted stability characteristics of the selected injector
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Given:

2. Operating parameters

1., Chamber and nozzle configuration

r

Step 1

Calculate acoustic mode fre-
quencies of thrust chamber.

Step 2

Determine chamber mode inter-

action indices, n_, &
min

Step 3

From mission requirements, determine
approximate injector configuration and
calculate sensitive frequency.

Step 4

action index, n_e

Determine injector pressure inter-

Step 5

response Curve.

Construct approximate combustion

'

Unstable System
Redesign injector within mission
Stable .
requirements and repeat Steps
3"50
Design damping devices if still
unstable.
Figure 15 —-- Decision Diagram -- Designing Stable Injector
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3.3, Illustrative Design Problems (cont.)

in a chamber with a contraction ratio of 1.5. The value for Nmin of the
chamber will, in most probability, be restricted to the nominal values shown

in Table 1, Section 3.1; however, since values as low as 0.7 may be encountered
with cylindrical chambers of large contraction ratios, the lower limit for

the unstable zone is shown as that value. From Figure 13 two modes of
instability other than the 1L mode may be identified as potential problems;
these are the 1T and the 1T-1L modes. To illustrate the potential problems
encountered by using a larger diameter - larger contraction ratio chamber,
Figure 14 is included. Besides the six predicted problem modes of instability,
additional combined modes may be included. The value of 0.7 as Nmin for the

chamber is realistic in that the contraction ratio is becoming quite large.

Stabilization of the system presented in Figure 13 at a contraction
ratio of 1.5 may be conveniently accomplished by using an acoustic liner which
would have a minimum of interference with the injector pattern. Design

principles for acoustic liners are elaborated in Section 5.2,

3.3.3 Case III, Design of Stable Injector (Figure 15)

This is the case that presents the most difficulties for the
designer. Essentially, it is a matter of tradeoff between specified require-
ments for system performance and compatibility and the need for combustion
stability in order to ensure safety and reliability. Usually this results in

the introduction of damping devices.

The recommended procedure is as follows:

Step 1. Determine chamber acoustic mode frequencies.

Step 2. Write sensitive frequency equation for a selected type of

injector and input all known parameters.
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3.3, Illustrative Design Problems (cont.)

Step 3. Using an iterative technique, tabulate the sensitive
frequency as a function of different orifice diameters and impingement angles.
The orifices of the less volatile propellant are controlling. Other factors
will limit the values associated with these two parameters, such as performance,

L*, design considerations, etc.

. Step 4. Investigate injector pressure drops, propellant inlet
velocities, and other injector hydraulic considerations to assure that these

values meet reasonable design criteria limits.

SteE 5. Compare the sensitive frequency value with the chamber
acoustic mode frequencies to see if damping is required. Also at this step,
it is possible to visualize the stabilizing or destabilizing effects of
altering the various independent variébles used in the sensitive frequency
equation. When this frequency lies between the frequencies of two modes, it
is possible to make design changes which will shift the sensitive frequency
toward one mode and away from the other. Effective damping devices then need

be designed for only one mode rather than two.

Step 6. Repeat Steps 2 through 5 with injectors of other types that

appear feasible if design limitations permit.
The following illustrative example considers the case of an annular

combustion chamber with a coaxial injector utilizing LOZ/LH2 propellant. Given

design conditions are shown on Figure 16.
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3.3, Illustrative Design Problems (cont.)

Example 8: Design Stable Injector

Step 1. Calculate thrust chamber modes using acoustic theory.

%
£ =
where: c, = 95% (cé)theo = 0.95 (5300)

5000 ft/sec

fi

Injector Width (11.25 in. dimension)

5000
£0 " ET—ITEfTEE)- 2670 Hz

12

£ 2 £, = 5340 Hz

2T 1T

Injector Height (1.5 in.)

5000
flT = ;’*‘"i—.—s‘} = 20,000 Hz
|72

Chamber Axial Length (5.00 in.)

5000
flL = ) (5.00) = 6000 Hz

12
Step 2. Write the sensitive frequency equation (fS).

Input all known parameters and establish which parameters are

variable and the limits of variation:
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3.3, Illustrative Design Problems (cont.)

Mach No. = 0.182 from Ac/At = 3.33 and Y = 1.2

Pr = 1.0 since PC > P

crit
VR = 10.0
Therefore:

4550 (0.182)°°1° (1.0)
fs - 0.15

(dOX) F(10 sing)

} 3520
0,15 .
(dox) F(10 sin ¢)

Since values of F(VR sin ¢) attained from Figure 5 vary between 1.0 and 1.3,

it may be noted that the sensitive frequency can be rewritten as:

3520 _ 3520 2700

0.15 0.15 0.15
(1.0 + 1.3) (d_) (d,)

s =
(d_)

In order for the sensitive frequency to be depressed below the

frequency of the fundamental mode (2670 Hz) regardless of the F(VR sin ¢)
value, the oxidizer diameter would have to be larger 1.0 in. This is not
practical from a design viewpoint and a serious degradation of performance

would be anticipated.

Since fs must therefore lie above the fundamental frequency, a
value will be chosen midway between the fundamental and first harmonic
frequency (i.e., approximately 4000 Hz) and this value will be used as a
starting point for the iteration process involving the oxidizer diameter and

impingement angle.
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3.3, Illustrative Design Problems (cont.)

Step 3.

of oxidizer diameters (Table 7).

Tabulate the sensitive frequency for the acceptable range

Table 7 ~- Sensitive Frequency as Function of Oxidizer Orifice Diameter

d in. « )0.15 ’ Sensitive Frequency, fs

ox’ oxX F(VR sin ¢) = 1.0 F(VR sin ¢) = 1.3
0.040 0.617 5700 4400
0.050 0.648 5430 4182
0.060 0.656 5350 4130
0.070 0.671 5240 4040
0.080 0.685 5140 3953
0.090 0.697 5050 3888
0.100 0.708 4960 3830
0.110 0.718 4900 3770
0.120 0.728 4830 3723
0.140 0.745 4730 3638
0.175 0.770 4570 3520
0.200 0.785 4500 3450
0.250 0.812 4340 3340
0.500 0.903 3900 3000

Performance will require a minimum oxidizer diameter for completion

of combustion in the 5.00-in. chamber length.

It is assumed for this problem

that an upper limit is set at 0.110 in. diameter based on performance con-

siderations.

Since the sensitive frequency desired was around 4000 Hz (maximum

distance from two modes), it may be noted from the table that the choice of

F(VR sin ¢) should be closer to 1.3 than 1.0.
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3.3, Illustrative Design Problems (cont.)

Step 4. Review other injector parameters.

Having established a value for F(VR sin ¢) and knowing the velocity

ratio, the angle ¢ may be found from Figure 5.

VR sin ¢ = 5.5 or 0.4
10 sin ¢ = 5.5 or 0.4
SR ¢ = 7710 10

¢ a 33° or 2°

‘The 2° angle of impingement is essentially a ''showerhead pattern' and would
require a longer chamber for proper mixing and combustion to take place;

therefore, only the 33° angle need be considered.

The final design consideration is the injector hydraulics--injection
pressure drops, propellant injection absolute velocities, number of elements,
etc. From the velocity ratio equation, the ratio of oxidizer to fuel area

can be calculated:

®

Vfuel P ox on Vuel
VR = v = X i X
0x Pfuel fuel oxX
3
where 0 = 70 1b/ft
0x
P = 1.3 1b/ft3 (200°R and 1500 psi, assuming a 300 psi
fuel
pressure drop across chamber)
X = MR = 6.0
Yuel
A A
V= 10 =gmap@oxg L0 ZE- 18,
’ fuel fuel 70 ’
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3.3, Illustrative Design Problems (cont.)

Calculating the fuel area assuming an injector pressure drop of 300 psi and

CD = 0.70 yields:
W, = 4.6
£ i 2
A = = 0.496 in.
fuel CD(ngAP)l/z
Consequently:
.. 2
A = 1.11 A_ = 0.55 in.
(0.4 £

The number of elements (ne) required to attain this area with a 0.110-in.

oxidizer orifice diameter is:

m 2 _
AL =7 (dox) (ne) = 0.55
oo_oss [
e T 0.785 |d
ox
2
1
= 0.70 (0.11)

57 elements

]

The oxidizer velocity may be found from the continuity equatiom:

v = — = —=20 = 103 ft/sec

and the fuel injection velocity equals:

v =10V = 1030 ft/sec
00X
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3.3, Illustrative Design Problems (cont.)

The oxidizer pressure drop equals:

)
iy (7 ) (27.4)°
Pox = P = 7 772
a,, C° (2g0)  (0.55 x 0.7 22« 70

125 psi

Step 5. An analysis can now be made using the sensitive frequency
value (e.g., 3770 Hz for the case where dox = 0,110 in. and F(VR sin ¢) = 1.3)
and the first and second tangential mode frequencies (2670 and 5340 Hz,

respectively).

The computer program should be run to obtain (1) the combustion
response (pressure interaction index, n,) and (2) the sensitive time lag, T,
or analogously its reciprocal frequency (1 = E%) for each of the two trénsverse
modes. The frequencies at Nﬁin obtained from the computer program will be
approximately equal to the acoustic mode frequencies calculated in Step 1.
They will be more exact in that they are derived from a more complex set of
equations which consider the combustion process which the acoustic equations
do not. The interaction index will give the relative sensitivity of the two
modes. It is possible for one mode to have a significantly smaller value for
Nmin which could cause the combustion to go unstable at that mode even though
the injector sensitive frequency was chosen equal numerically to the frequency
of the other mode. For this sample problem, both modes are assumed to have
the same response (Nmin = 1.10); consequently, an injector having its sensitive

frequency midway between both mode frequencies could respond to either mode.

Prior experience with coaxial elements and information provided in
previous sections of this report have shown values of n to be between 0.4 and
0.6. Choosing the higher value for the most conservative design will give a

value of N as 1.2 (N = 2 no). This value, being larger than the Nmin values
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3.3, Illustrative Design Problems (cont.)

for the various modes (Nmi = 1.08), indicates that the system could be unstable

or driven unstable. A graghical representation of the predicted injector
response is given in Figure 17. The two curves shown are the two velocity
ratios investigated. It is concluded from the response curve that the best
design provides an oxidizer diameter of 0.110 in. and a velocity ratio of 10
[F(VR sin ¢) = 1.3]. It may also be observed that the nearest potential
instability modes are the first and second tangential modes. Since the
propellants are hydrogen and oxygen, significs.. variation in velocity ratio
might be experienced due to density variations in the hydrogen during transient
portions of operation of the engine which would tend to increase the sensitive
frequency and place it nearer the second tangential mode. Within the guidelines
of this problem the optimum design has been selected and two potential problem
stability modes identified (1T and 2T). Design changes for stability improve-
ments may be evaluated by considering the effect of wvarying injection distri-

bution as discussed in Section 3.2 and/or inclusion of stabilizing devices in

the system as described in Section 5.
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4, USE OF COMPUTER PROGRAMS

It is recommended that the designer resort to the use of one or
more of the computer programs discussed in this section whenever the following

situations arise:

a) After the initial design calculations to confirm the
results obtained by manual calculation and for

increased accuracy.

b) Multiple variable parametric studies are desired to

evaluate the effect of trade-offs.
c) Additional test data have been obtained
d) Data are required for the design of stabilizers.

Best results will be obtained from a judicious mixture of manual
calculation with the use of computer printouts. To illustrate how the designer
may use the programs to best advantage several illustrative design problems

are furnished in Section 4.3.
4.1 DESCRIPTION OF COMPUTER PROGRAM

The stability solution for any given liquid rocket engine must con-
sider the three main components: (1) the injector, (2) the combustion chamber,
and (3) the exhaust nozzle. Furthermore, oscillatory conditions can exist in
both the longitudinal and the transverse (i.e., tangential and radial) direc-
tions. These considerations serve as the basis for building the computer

program.
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4,1, Description of Computer Program (cont.)

The complete program consists of nine separate subprograms which
may be used independently or in various combinations depending upon the data
available and the information required by the designer. Figure 18 shows the
interrelationships of the programs and the optional routes for proceeding with

the calculation. The individual programs are:

A, Longitudinal Mode Chamber Analysis, used to obtain n, Tt

stability mapping for longitudinal modes.

B. Transverse Mode Chamber Analysis. For simplicity only the

analysis is performed; the n, T mapping is done later in Program F.

C. Nozzle Admittance, Here the resistive effects of the nozzle

are calculated for both longitudinal and transverse modes.

D. Expansion of results from Program B by interpolation.

E. Injector Nonuniformity Coefficients. This subprogram calcu-
lates the modulating coefficients for the effects resulting from uneven
injection distribution and nonlinear combustion response.

¥. Stability Mapping (n, 1) for Transverse Modes.

G. (Not in use.)

H. High Combustion Chamber Mach Number Analysis. (Not operational.)

I. Nonlinear Combustion Response. Input to Program E.

J. Injected Mass Distribution Effects

Page 78



Report 20672-P2D

CONTROL

PROGRAM J:
N\ TNJECTOR MASS
e DISTRTBUTION

EFFECTS

PROGRAM T:

<>< | NONLTNEAR
COMBUSTTON
EFFECTS

PROGRAM E:
NON-UNTFORMITY | o
COEFFICIENTS

PROGRAM C:
NOZZLE, SN A NS —
ADMITTANCES

PROGRAM B:

PROGRAM A: TRANSVERSE MODE
LONGITUDINAL -r—-—J b - ; CHAMBER ANALYSTS
MODE
CHAMBER
ANATYSIS

PROGRAM D:
EXPANDED RESULTS
OF PROGRAM B

- |

PROGRAM F:
n,t SOLUTION

Figure 18 ~- General Flow Diagram of the Computer Program
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" MATN CONTROL
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Figure 19 -- Overall Schematic of Computer Program
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4.1, Description of Computer Program (cont.)

To assure that the proper subprograms are requested it is necessary
to introduce a regulatory device that monitors the course of the entire pro-
gram as it proceeds from one portion of the engine to another. This regulatory
device is called MAIN CONTROL and serves to direct the flow of the solution in
a consistent manner. Figure 18 illustrates the basic framework of the com-
puter program. The diamond-shaped symbols can be considered as switches that
are turned on if the particular item is to be analyzed by the program or
turned off if the item is not needed. It is the function of MAIN CONTROL to

turn these switches on or off according to the dictates of the problem.

It can be seen in Figure 19 that the program is divided into
3 parts: (1) longitudinal modes, (2) transverse modes, and (3) exhaust
nozzle. The exhaust nozzle portion has been carried over from the program's

early development when nozzle parametric studies were conducted.

The versatility of the program is illustrated in Figure 18 by the
various flow-paths that can be constructed. For example, if the required
injector and nozzle data were known before hand, one could determine the
transverse stability of the engine by merely running the combustion chamber
program. I1f, on the other hand, all the data were unknown, proper use of
MAIN CONTROL would initiate the injector, nozzle, and chamber programs.
Therefore, the program is as suitable for parametric studies as it is for

analysis of specific designs.

It can be seen that the transverse portion of the program is more
detailed than the longitudinal portion. Programs, J, I, and E are required to
evaluate the injector parameters that affect stability. The chamber analysis
requires Programs B, D, and F. It should be noted that Program D is more of
a convenience than a necessity while Program F determines the solution of

n and T.
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T
r/.SECTION IV (NO INFORMATION)

SECTION TTT

DATA PACKAGE E, T, AND J

(

SECTION IT HFADER INFO,

/T

SECTION T

MATN CONTROL

A, B, C, D, F, AND H

IF SECTION IIT IS NOT USED, SECTION IV MUST NOT BE USED.

Figure 20 -~ Input Load Sequence Required by the Computer Program
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4, Use of Computer Programs (cont.)
4.2 OPERATING THE PROGRAM
It is necessary to discuss the general organization of the data
as well as how the data actually get into the computer before proceeding to
further discussion of the computer program. The input data deck will always

be referred to as a set of data packages.

Assemblying the Data Package

The manner in which the data deck is assembled is shown in

Figure 20. It can be seen that the data package (one package required per
case), is divided into four sections. The first section containé the data
for MAIN CONTROL and Programs A, B, C, D, F, and H. The second section is
one card that has the letter T punched in card column one. This card serves
the purpose of an end-data signal and of a header card such that all informa-
tion that follows the T will be printed on the top of each output page. The
third section contains the data for Programs E, I, and J. The fourth section

is a T-card that is used only to signal the end of data.
It should be noted that if neither Programs E, I nor J are run,
Sections III and IV are not needed. However, Sections I and II must always

be in the data package.

Running Multiple Cases

The flexibility of the program is such that stacking cases (i.e.,
running multiple cases) is an easy task. All that is required is to add the
required number of data packages to the data deck. There is no restriction

as to the flow paths of individual data packages; therefore, data packages
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4.2, Operating the Program (cont.)
of parametric studies involving the use of one program can be intermingled
with data packages that use any of the other program combinations for an

analysis.

Getting the Data onto the Card

Inputting of the data is accomplished in a flexible fashion called
"scatter load." This method has a minimum number of restrictions as to how
and in what manner the data are punched on the card. Examples are given below

that will illustrate the flexibility of scatter load.

Load and Terminal Flags

The letter T or the letter L must be punched on each card. The L
signals the computer that there are data on the card whereas the T signifies
that the computer has received all of the data for that section of the data

package.

Data Input

Immediately after the L will appear one to four numbers; therefore,
the card thus far has been punched with L followed by 4 digits, e.g., L4175.
This tells the computer to start loading the data that will follow into com-
puter core starting at Location 4175. Following this number will be a plus
or minus sign and data, another plus or minus sign and additional data, etc.
Since the signs serve to separate the data, the second data point will auto-
matically be loaded into core location 4176. This process continues across

the first 72 lpcations of the data card.
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4,2, Operating the Program (cont.)
Consider the following example of input data:
L.O + 10.0
L1 + 19.4
L2 + 0.0
L3 - 0.92
L8 + 6.4

This may be punched on a single card as

(Example 1) LO + 10.0 + 19.4 + 0.0 - 0.92 L8 + 6.4

(Example 2) LO + 1000 + 19.4 + -0.92 + + + + + + 6.4
(Example 3) 18 + 6.4 LO + 10.0 + 19.4 + -0.92
(Example 4) 139 + 0.21 + 3.14 + 5.0 + 1.5 -35.5 L39 + 1545.

Example 1 illustrates a normal load sequence for the given input.
No data are transferred into core locations L4 through L7; therefore, any
previous data stored there remains there. Example 2 illustrates how algebraic
signs can be used alternatively to index the data to the proper core location.
Note also the’LZ, which is zero, has no number punched on the card. This
illustrates that the computer, when it sees no number following the sign,
loads the value of zero into that core location. If data have been previously
stored in Locations L4 and 18 and are to be used again, the use of indexing
presented in Example 2 will load zeros into those core locations; consequently,

the data will be lost.

Example 3 illustrates that the L-numbers do not have to be punched
in sequential order. Example 4 illustrates the method of correcting data.
Specifically, L39 was initially loaded with 0.21 and later loaded with 1545.0;

therefore, the former number is erased on core and the latter included in its
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4.2, Operating the Program (cont.)

place. The most convenient method for correcting data cards is to punch all
the corrections on one or more cards and place these cards immediately before

the T-card of that data section.

Presented below are some basic rules to employ when punching data

cards:

1. DO start each input card with L. The L does not have to be

punched in card column 1 but it must appear before any data.

2. DO pay close attention to the sequence of the remaining data

included on the card so that data are not loaded into the wrong core location.

3. DO NOT use more than 8 significant digits (including decimal
point) for the input data. Exponential notion is permitted. That is, the
number 0.0625 can be loaded as 6.25 E-02 (where E is the base 10 and -02

denotes the exponent).
4, DO NOT start the data on one card and complete it on another.

5. DO NOT use more than 72 card columns for data input. The
computer looks at 73 to 80 but does not transfer that information to core.
Therefore, columns 73 and 80 can be used for the card sequence number in the
data deck or identification of some significant aspect of the data so that

it can be identified at some later date.
6. DO include a T-card at the end of a data section in the data

package. The T must be punched in card column 1. If the T appears anywhere

else on the card, the computer will dump the entire run.
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4,2, Operating the Program (cont.)

7. DO include a description of the case on the T-card of
Section 2. This information serves as a header for each output page.

This is a convenience more than a necessity.

3. DO NOT use two or more T-cards for a header. This can
confuse the computer's input logic.

Thus far the storage locations for the individual data bits have
not been noted. It is sufficient here to note that the input data have
reserved locations in core and that these data remain in those locations
unless over-written by the next set of input data. Therefore, it is not
necessary to input all the data on the next run if only one parameter
(e.g., the ratio of the specific heats) is to be changed. Only those data
which change from one case to the next need be input in successive data

packages.

Operation of MAIN CONTROL

Since the computer obeys every command explicitly, it is necessary
to indicate correctly to the computer the programs that are desired for a
particular case. Furthermore, this must be done for every case because the
computer will turn off the switch that activated the subprogram after it is
through with that program. This is done purposely to avoid using a program

that is not needed for the second case.

The first 10 core locations are reserved for MAIN CONTROL in the

following order:
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LO:

Ll:
L2:

L3:
L4
L5:
L6:
L7:

L8:
1L9:

Program A,

Program B,

Program C,

Program D,
Program E,
Program F,
Program G,

Program H,
Analysis

Program I,

Program J,

Report 20672-P2D

(cont.)

Longitudinal Mode Chamber Analysis and
Stability Zones

Transverse Mode Chamber Analysis

Exhaust Nozzle Admittance Coefficients
for Longitudinal and Transverse Modes

Expansion of Results from Program B
Injector Nonuniformity Coefficients
Final Solution of Instability Zones
(not used in this package)

High Combustion Chamber Mach Number

Nonlinear. Combustion Response Analysis

Injected Mass Distribution Effects

A zero value (except Program H which requires a negative value) in

any of the locations indicates that this program will not be used.

Any number

greater than zero instructs the computer to execute this subprogram at the

time it is required.

The program instructions determine when to execute the

subprogram and the number in the proper place tells the computer whether or

not to execute the program.

Program Options

Most subprograms have various options concerning the desired output

to be printed.

executes the program and are keyed by the magnitude of the number.

These options are exercised by the same control number that

These

print options are presented in the discussion of the individual programs.

However, a few examples are presented here to illustrate this point:
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4,2, Operating the Program (cont.)

EXAMPLE 1: EXECUTE PROGRAM C - PRINT NO OUTPUT

LO+++9.0+++++++ (0 <L2<9.0)

EXAMPLE 2: EXECUTE PROGRAM C - PRINT OUTPUT

LO++ +99.0 + +++4+ + + + (10 < L2 < 99.0)

EXAMPLE 3: EXECUTE PROGRAM C - PRINT INPUT AND OUTPUT

LO++ +99.0 + ++ + + + + (100 < L2 < 199.0)

Determination of Design Criteria

Table 8 shows the program combinations that are required to obtain
stability maps for the longitudinal and transverse modes and to make certain

parameter studies.
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PROGRAM INDEX

Longitudinal Mode Chamber Analysis and Instability
Zones

Transverse Mode Chamber Analysis

Exhaust Nozzle Admittance Coefficients for
Longitudinal and Transverse Modes

- Expansion of Results from Program B

Injector Nonuniformity Coefficients

Final Solution of Instability Zones
(Obsolete and deleted from the listing)

High Combustion Chamber Mach Number Analysis
Nonlinear Combustion Response

Injected Mass Distribution Effects
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4,2, Operating the Program (cont.)

Program A:

Longitudinal Mode Chamber Analysis and Instability Zones

a. Input Requirements

Core
Location Mnemonic

LO -
L10 Y
L1l ‘u

e
L13 r

c
L14 L

c
L15 c

o
L16 uLO
L17 k-
L20 S

vn
L21 N

we
122 w

. c

L49

Description

Execute Program A. Magnitude of number depends upon
print options given below.

Ratio of the specific heats.

Steady state Mach number at the entrance to the
exhaust nozzle. This can be determined by the
contraction ratio or by Program C. In the latter
case, leave L1l blank.

Chamber radius, in. also loaded in L3804, Program G.
Length of cylindrical portion of chamber, in.
Speed of sound in the chamber, ft/sec

Weighted liquid injection velocity, ft/sec
See Equation (18) at the end of this section,

Gas/liquid momentum interchange coefficient.
(k = 0 for no droplet momentum effects)

Set equal to zero.

Number of chamber frequencies to be used. Leaving
this column blank will turn on Program GENMEC which
will select 10 frequencies according to the relation-
ship given by Equation (19).

Table of nondimensional, chamber frequencies arranged
in ascending order. A zero must be included at the
end of the table. The maximum number of frequencies
is 28 (including the zero point). This is left blank
if L21 is blank.
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Core
Location Mnemonic

L50 L

s Z
L.69
L70 U

. X
.89
L1600 W

. C,0
1L629
630 A

X r
659
L660 A,

. i
1.689

b.

Print Options

There are no print options available with this program.

Description

Table of ascending axial positions at which the
combustion distribution (i.e., the variation of the
local Mach number with respect to Z) is known,
Dimensioned in inches. A zero value must appear

at the last point. Minimum of four real data points
is required.

The local steady state Mach number that corresponds
to the given LZ. A zero must appear as the last
value.

The ascending table of chamber frequencies for which
the longitudinal, real and imaginary parts of the
nozzle admittance coefficients (to be input next)
are known. If Program C is run to determine the
admittances, these frequencies will be automatically
transferred. The last point in the table must be
Zero.

The real part of the admittances corresponding the
above frequencies. The last point in the table must
be zero. These can be determined by running

Program C.

The imaginary part of the admittances corresponding
to the above frequencies. The last point in the
table must be zero. These can be determined by
running Program C.

Any LO

number greater than zero will cause a program execution as well as an output

of the input data and the results of the program.
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package.

d.

Placement of the Data into the Data Package

These data maybe inserted anywhere in Section I of the data

Output
The following output results from the efforts of this program:

f, the longitudinal chamber frequency for the given
value of w, cps

w, the nondimensional value of the chamber frequency
T, the sensitive time lag, millisec

n, the pressure interaction index

Auxiliary Equations

(1) Axial Liquid Velocity (Weighted)

(MR)v cos 8+ v_ cos 6
X X

= ¥ F
= Eq. 18

LO MRHL » ft/sec d

MR = mixture ratio = w_/w
x F

v, = oxidizer injection velocity, ft/sec
Vg = fuel injection velocity, ft/sec
GX P oxidizer and fuel impingement angle

3
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(2) Selection of Frequencies by GENMEG

(First Longitudinal) = (1 + 0.10) = Eq. 19
(Transverse) = (1 + 0.10) S\)n

where

T = 3,14159 + = resonant frequency (non-
dimensional) for longitudinal modes
Svn = transverse acoustic mode number

given in the Program B writeup. (Table 3, Section 3.1)
f. Other Information

In order to run higher order longitudinal modes the frequencies

must be input using core locations L21, L22 ... L49,
This program is specifically concerned with concentrated combus-
tion located at position xx in the chamber. Therefore, this program converts

the general combustion distribution profile to a concentrated profile.

Program B: Transverse Mode Chamber Analysis

a. Input Requirements

Core
Location Mnemonic Description
Ll - Execute Program B. Magnitude of number depends on
print options given in Paragraph b.
L20 S Transverse acoustic mode number is given in Table 3

v .
n for various modes.
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Core
Location Mnemonic Description
L10 These are identical to Program A except L19 is not
. ‘needed. Refer to the writeup of Program A for these
189 requirements.
13017 Nw The number of input frequencies at which the trans-
verse nozzle admittance coefficients are known.
This number must be greater than 2 and less than 30.
If the admittance for a nozzle is unknown and
Program C is run, C will provide this number.
L3019 w The values of the chamber frequencies, arranged in
. c,e , . .
. ascending order, for which the transverse admit-
; tances are known. Program C will provide them if
L3048 PO
it is run. The last value must be zero.
1L.3049 ER The values of the real part of the transverse nozzle
. admittance coefficient. The last value must be zero.
L3078 Program C will supply these values.
L3079 Ei The values of the imaginary part of the transverse
. nozzle admittance coefficient. The last value must
1.3108 be zero. Program C will supply these values.
13109 CR The values of the real part of the third transverse
. nozzle admittance coefficient. This is needed only
L3i38 for high Mach number chambers. The last value must
be zero. Program C will supply these values.
L3139 Ci The values of the imaginary part of the third trans-
. verse nozzle admittance coefficient. This is needed
. only for high Mach number chambers. The last value
13168 must be zero. Program C will supply these wvalues.
b. Print Options
0 < L1 <9: Execute B, do not print input or output

10 < L1 < 99: Execute B, print output
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100 < L1 < 199: Execute B, print input and output
(recommended)

200 < L1 < 299: Execute B, print input and output,
print steady state tables and values

of integrals associated with high
Mach number cases.

C. Placement of the Data into the Data Package

These data may be inserted anywhere in Section I of the data

package.
d. Cutput
The following output results from this program:
w ¢ mnondimensional chamber frequencies
h_ (w): the real part (damping effects) of the
R . .
chamber admittance in the chamber
hi (w): the imaginary part of the chamber
admittance
e. Tabulation of Transverse Acoustic Mode Number (Svn)

(1) Tangential Modes

First tangential: 5., = 1.8413
Second tangential: 821 = 3.0543
Third tangential: S3l = 4,2012
Fourth tangential: 841 = 5.3175
Fifth tangential: S51 = 6.4154
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(2) Radial Modes

First radial: S02 = 3.8317
Second radial: 803 = 7.0156
Third radial: SO4 = 10.1734

(3) Combined Tangential-Radial Modes

IT-1R: S12 = 5.3313
IT-2R: 813 =  8.5263
IT-3R: S14 = 11.7059
2T~1R: 822 =  6.7060
2T-2R: 823 = 9.9695
2T-3R: 824 = 13.1705
3T-1R: 832 = 8.0151
3T-2R: 833 = 11.3459
3T-3R: 834 = 14.5858

(4) Combined transverse-longitudinal
Modes can not be Programmed

Program C: Exhaust Nozzle Admittance Coefficients for Longitudinal
and Transverse Modes

a. Input Requirements
Core
Location Mnemonic Description
L3801 MDESIR = 1.: the table of velocity potential values within

the nozzle is input and the Mach number to the
entrance of the nozzle is input.
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Description
= 2,: The Mach number at the entrance to the nozzle
is input but the velocity potential table must be

calculated.

= 3.: the Mach number and the velocity potential
table must be calculated.

Radius of the throat, in.

Radius of the chamber, in., also loaded in L13,
Program A.

Radius of chamber curvature at the nozzle entrance,
in.

Radius of curvature at the throat, in.

Nozzle convergent half-angle, deg.

Radius of centerbody throat, in.

Radius of curvature of the centerbody throat, in,
Radius of chamber of centerbody, in.

Radius of curvature of centerbody at the nozzle
entrance.

Centerbody nozzle convergent half-angle, deg.

Transverse acoustic mode number given in Table 3
for cylindrical chambers.

If L3801 > 2, then KN is either

a. An odd integer less than 200 telling the desired
size of the program generated velocity potential
table, or

b. Blank and/program will assume KN = 101
(recommended)

These values may be plus or minus, see Figures 21 and 22.

Core

Location Mnemonic
13803 RAT
L3804 RAC
13805 RCC
13806 RCT
13807 ALPHA
.90 RATI
L9l RCTI#*
192 RACI
L.93 RCCI*
194 HANGI*
1.20 S
13808 KN

*Note 1:

Note 2:

For cylindrical chambers, leave L90 through L94 blank.
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0.2 ]
I
w = 0.5
,ﬁ\ Svh = 1.0
0.1 //, \\\
MY
-0.1
~0.2
~0.3
Va
-0.4 \/
-0.5
-5 -4 -3 -2 -1
Z
Figure 21 ~- Real Part of Pressure Admittance Coefficient

Versus Axial Distance
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0.1

-0.1 \\/

-0.2

-0.3 l//’
w = 0,5

-0.4 Svh = 1,0 //

-0.6

Figure 22, Imaginary Part of Radial Velocity Admittance
Coefficient Versus Axial Distance
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Core
Location Mnemonic Description
13809 X(Z) Dimensionless velocity potential table (199 values
L3811 maximum) in the odd numbered locations only. If
13813 13801 > 2, this is not necessary.
L4205
13810 VZ(Z) Squares of the reduced velocity table (199 values
L3812 maximum) in the even numbered locations only.
L3814 If L3801 > 2, this is not necessary.
L4206
b. Print Options
0 < L2 < 9: Execute Program C, print no output
10 < L2 < 99: Execute Program C, print output
100 < L2 < 199: Execute Program C, print input and
output (recommended)
200 < L2 < 299: Execute Program C, print input and
output, and print the nondimensional
velocity potential table.
c. Placement of the Data in the Data Package
These data may be inserted anywhere in Section I of the data
package.

d. Output
The transverse acoustic mode number, Svn’ in the chamber and

nozzle. The variation of S\)h in the nozzle is given by Eq. 22 at the end

of this section.
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The nondimensionalized frequency, w in the chamber and nozzle.
The variation of the w in the nozzle is given by Equations 21 and 22 at the
end of this section.
The Mach number, Ee; at the entrance of the nozzle.

The ratio of the specific heats, G.

The real and imaginary portions of the first, second, and third

(i.e., A, B, C) admittance parameters.

The real and imaginary portions of the transverse nozzle admit-

tances (i.e., T1l, T2).
The frequency, F, in chamber, Hz.
e. Auxiliary Equations

(1) The Selection of the Chamber Frequencies
to be Used

Because of the long execution time of this program for a
given value of w, the program starts with the first chamber frequency and
uses every other frequency thereafter; that is if n is the total number of
chamber frequencies, Program C will use m number of frequencies according

to the relationship
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if n

where

11

(2)

(3)

In computer language, m and n are whole numbers.

m = l%-+ 1

5 4+ 1 (where 0.5 has been truncated out)

g
]

Nondimensional chamber frequency

.. (2mg *) (v¥,0)

*
c
c
* = denotes dimensional variables
subscript ¢ denotes chamber
conditions
fc = chamber frequency, cps
c, = chamber speed of sound, ft/sec
* . *
v = chamber length L or radius R

AC  (depending if lofgitudinal or®
transverse modes respectively
are desired).

Nondimensional Nozzle Frequency

®

(y+1) M2 Tap
*®

2 T AC

u)C
+__
““NTX
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where

L\ 1/2

2 AT
*
Y+l r cT

(4) Nozzle Transverse Acoustic Nozzle Number

_ n
CH = Eq. 22

The listing of this program is presented in Volume 2.

Program D: Expansion of Results from Program B

a. Input Requirements
Core
Location Mnemonic Description

L3405 ﬁr/n The ratio of the radial velocity coefficient to the
pressure interaction index. Generally set equal to
zero.

L3406 Ze/n The ratio of the tangential velocity coefficient to
the pressure interaction index. Generally set equal
to zero.

L3407 Nw’ I = 1 for linear combustion response, > 1 for nonlinear
combustion response. This parameter indicates the
number of frequencies for which the injector nonuni-
formity coefficients, Avn: Byps and Cyp, are known.
The running of Program I will determine this number.
(Not required if Program B is run.)

L3408 n The number of chamber frequencies (> 29)

(Not required if Program B is run.)
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Core

Location Mnemonic
L3409 w

. c

L3437
L3?39 hR(w)
L3467
13469 hi(w)
13497
L4?22 wc’l
L4538
L4?39 (Avn)R
L4555
L4§56 (an)R
L4572
L4?73 (Cvn)R
14589
L4§90 (Cvn)i
14606

Description

The table of frequencies arranged in ascending order.
The last value must be zero. (Not required if
Program B is run.)

Real part of the damping effects computed in
Program B, The last value must be zero. (Not
required if Program B is run.)

Imaginary part of the damping effects computed in
Program B. The last value must be zero. (Not
required if Program B is run.)

The values of chamber frequencies for which the non-
uniformity coefficients are known. Use only if data
are available,

The real part of the pressure nonuniformity coefficient

corresponding to the above frequencies (w_ _). A = 1.0
s . . . . . c,1

for uniform injection distribution.

The real part of the radial velocity nonuniformity
coefficient corresponding to the above frequencies

(wc I). Generally set equal to zero.
3

The real part of the tangential velocity nonuniformity
coefficient corresponding to the above frequencies

(wc I). Generally set equal to zero.
b

The imaginary part of the tangential velocity non-

uniformity coefficient corresponding to the above

frequencies (wc I). Generally set equal to zero.
b

NOTES: a. All these data, with the exception of
Ly/n and L£g/,, can be calculated using
Programs B, E, and I.

b. This program was used specifically to
include the effects of the nonuniformity
coefficients for the low Mach number cases.
With the new high Mach analysis, these
effects are taken into account by the
chamber program.
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b. Print Optioms

0 <13 < 9: Execute D, print no output or input
10 < L3 < 99: Execute D, print output only

100 < L3 < 199: Execute D, print input and output

C. Placement of the Data into the Data Package

These data can be inserted anywhere in Section I of the data

package.
d. Output
An expanded table (50 values) of w, hR (w), and hi (w).
A listing of this program is presented in Volume 2.

Program E: Injector Nonuniformity Coefficients: A , B , C
al vn Al

a. Input Requirements (not programed for annular chambers)

MAIN CONTROL requires L4

Core
Location Mnemonic Description
L1 1ZZ1T Indicates whether the mode is standing or spinning:

Standing: 1ZZIT < O
Spinning: 1ZZIT > O
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Core
Location Mnemonic

L2 XM
L3 XN
L4 SECTOR
L5 v
L7 S

vn
19573 R,

inj
L9570 NE
Ll?ZO rE
12919
LZ?ZO eE
L3919
L3?20 Mg
14919

Description

The number of radial divisions desired on the
injector face (10 < XM < 21). This does not need
to be input if Program J is run because Program J
sets this equal to 20.

The number of angular divisions desired around the
injector face (20 < XN < 181). This does not need
to be input if Program J is run because Program J
sets this equal to 180.

The number of symmetrical sectors that the injector
can be divided into, (1 < SECTOR < 180).

Longitudinal mode number 1, 2, 3, etc. For radial
modes v = 0.

Transverse acoustic mode number given by tabulation
presented in Program B write-up.

Injector radius, in.

Number of elements per symmetrical sector. The
maximum number of elements is 1000. Ignore if
Program J is run.

The radial position of each element within the
symmetrical sector, in. Program J supplies these
data when it is run. ’

The angular displacement (from any convenient
reference line on the injector face) of each
element within the symmetrical sector, radians.
Program J supplies these data when it is run.

The element injection distribution given by

Equation 23 at the end of this section. Usually
Program J provides this information to Program E.
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b. Print Options
0 < L4 <9: Execute E, do not print input or output
10 < L4 < 99: Execute E, print output only

100 < L4 < 199: Execute E, print input and output

c. Placement of the Data into the Data Package

Main control data: Section I of data package.

All other data: Section III of data package. Section IV must be

included in the data package.
d. Output

The following output is obtained from this program:

A |, B , and Cv

vn’ Tvn n’

e. Auxiliary Equutions

Distribution coefficient, UE

()
b= Ts E/(AS)E _ 1 (wT>E
E WT/A' . Xm . XN WT
inj
where

(WT)E = total weight flow rate of element, lb/sec

W = total weight flow rate of injector, 1lb/sec
(AS)E = surface area serviced by the element, in.
Ainj = total surface area of injector, in.

Page 108

Eq. 23



Report 20672-P2D

4.2, Operating the Program (cont.)

f. Other Information

The listing of this program is presented in Volume 2.

Program F: Final Solution of Instability Zones

a. Input Requirements

The input for this program comes directly from Program D and con-

sists of the following parameters:

The frequency in the chamber, w

The radius of the chamber rAC’ in.

Speed of sound in the chamber, Co» ft/sec
Real and imaginary parts of the damping parameters

ccrresponding to the above frequencies

This program can be run by itself if the data are inserted into

those locations specified by Program D.

b. Print Options
0 < L5 < 9: Execute Program F, print no input
and output
10 < L5 < 99: Execute Program ¥, print output only

100 < L5 < 199: Execute Program F, print input and
output
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c. Placement of the Data into the Data Package

These data are included into Section I of the data package.

d. Output

The following output results from this program:

f = frequency of oscillation, Hz

w = nondimensional frequency

T = sensitive time lag corresponding to the
above frequency, millisec

n = pressure interaction index

At the bottom of the page, an effort is made to locate the minimum
interaction index. In most cases, this information is wvalid. However, effects
from an adjacent mode will intervene occasionally thereby invalidating this
information.

e. Other Information

This program obtains its result by the solution of the following

equations:

Frequency, cps

f == = Eq. 24
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Program G:

Program H:

Pressure interaction index, n

% + n
N S Eq.
2hR
Sensitive time lag, 1, millisec
r h,
T = (83.33) S L tant I Eq.
° £ n—hR

Not in Use

High Combustion Chamber Mach Number Analysis

Program H is not operational. Recommended procedure is to place a

negative number in load location L7 of MAIN CONTROL.

Program I:

Nonlinear Combustion Response (Option for Program E)

a.

Core
Location

Input Requirements

Mnemonic

Description

ALL THE DATA REQUIRED TO RUN PROGRAM E AS WELL AS:

LO

L12

L19
L68

El

(o]0]

IPP

The permissible error. If blank, the program will
assume E1 = 0.001.

The ratio of the maximum pressure amplitude at the
injector face to the steady-state pressure value.

The values of the pressure perturbation-associated
with the pressure-dependent nonlinear element.
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Core
Location Mnemonic Description

L69 OPP The values of the combustion perturbation correspond-

L118 ing to the above IPP values.

L119 IPR The values of the radial velocity perturbation associ-

1168 ated with the velocity-dependent nonlinear element.

LI69 OPR The values of the combustion perturbation correspond-

L1218 ing to the above IPR values.

L219 IPT The values of the tangential velocity perturbation

1268 associated with the velocity dependent nonlinear
element.

1269 OPT The values of the combustion perturbation correspond-

L318 ing to the above IPT values.

L9595 TFLP The linear transfer function for equivalent linear
operation associated with the pressure-dependent
nonlinear element.

19596 TFLR The same as TFLP except for radial velocity-dependent
nonlinear element.

L9597 TFLT The same as TFLP except for tangential velocity-
dependent nonlinear elements.

19598 NUMBR The number of steps to be used in the integration
scheme associated with this problem. If left blank,
the computer will assume 20, which is sufficient for
most cases.

b. Print Options

0 < L8 < 9: Execute I, print no input or output data
10 < L8 < 99: Execute I, print output only

100 < L8 < 199: Execute I, print input and output
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c. Placement of the Data into the Data Package

These data are included in Section III of the data package. Along

with these data, Section IV must be included.
d. Output
The output of this program is as follows:

The frequency, w
The element number, location, and fractional flow
rate fp, fR’ and fT necessary for Program E

This will automatically change the output Program E as follows:

The frequency, w

The frequency dependent expansion coefficients

A ,B ,and C
VN V

vn n’

Program J: Injected Mass Distribution Effects (Not Programed for
Annular Chambers)

a. Input Requirements

Core
Location Mnemonic Description

1319 n Element number (maximum = 1000) within
L323 symmetrical sector.

1327

L319 + 4n
1320
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Core
Location Mnemonic Description
L324 X or v Element location, in.
1328 n n
L320 + 4n
L1321
L325 Xn or © Element location
1329 "
L321 + 4n
L322
1326 Tn Type of injection element. The details concerning
L330 this type number are given next.
L4 DX Number of symmetrical sectors, DX = 1 for no
symmetry.
L4944 - The data input in this section serve to define the
. element types and consist of a maximum of 100 vari-
19568 able length data sets. Each set contains:
a. The element type number (<€100)
b. Number of oxidizer orifices for that type
c. Diameters of all the oxidizer orifices
d. Number of fuel orifices for that type
e. Diameters of all the fuel orifices
EXAMPLE
let Ti = ith element type
ﬂXi = number of oxidizer orifices for the ith type element
DXi' = diameter of the jth oxidizer orifice in the ith type
J element
NFi = number of fuel orifices for the ith type element
DFij = diameter of the jth fuel orifice in the jth type

element

Page 114



Report 20672-P2D
4.2, Operating the Program (cont.)

Then a typical input would read

L4944 + Tl + NXl + DXl,l + DX]_’2 + DX1,3 + NFl + DFl,l + DF]_’2 + T2 + NX2

+ DXZ.l + ... .

If NF_ or NXL is zero, then do not set DFi

L = 0 or DXi = 0.

»1 >1

0.0, then

1t

Assume NXl

L4944 + T. + NX. + NF, + DF + DF + DF + T, + NX, + DX + ...

1 1 1 1,1 1,2 1,3 2 2 2,1
Core »
Location Mnemonic Description
1.9569 NT Total number of injection types
L9570 NE Number of elements per symmetrical sector
L9571 COORD COORD = 0: elements are located using
polar coordinates
COORD > 0: elements are located using
cartesian coordinates
L9572 WT Total injector weight flow, 1lb/sec
L9573 R, . Injector radius, in.
inj
L9574 MR Injector mixture ratio
L9575 NFFC Total number of fuel film cooling holes
L9576 DFFC Diameter of fuel film cooling holes

In the event of fuel or oxidizer film cooling, either the percent film
cooling or the actual orifice dimensions can be used to describe the cooling.

Place a zero(s) in the one(s) not used.
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Core
Location Mnemonic Description
19588 PFFC Percent fuel film cooling
19578 ROX Oxidizer density, lb/ft3
L9579 ROF Fuel density, lb/ft3
L9584 CDX Oxidizer orifice loss coefficient
L9585 CDF Fuel orifice loss coefficient
L9589 PFFX Percent oxidizer film cooling
L9590 NFFX Total number of oxidizer film cooling orifices
L9591 DFFX Diameter of oxidizer film cooling orifices
L2, L3, and L4 from Program E.
b. Print Options
0 <19 < 9: Execute J, do not print output or
input data
10 < L9 < 99: Execute J, print output only

100 < L9 < 199: Execute J, print input and output

L9 < 500: Execute J, print input and output,
and, if error occurs in J, dump
error message with input data.

c. Placement of the Data into the Data Package

Main control data: Section I of the data package.

A1l other data: Section III of the data package. Section IV

must be included in the data package.
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d. Qutput
The following output results as a consequence of this program:

Miscellaneous information concerning the total orifice
area, circuit pressure drops, overall mixture ratio,
etc.

Element number, injection type, and location.

Description of various parameters associated with the
different types of injection elements.

Element number, location, and distribution coefficient.

The distribution coefficient as a function of the
radius across the face of the injector.
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Table 9 -~ Input Data for Mode Example Problem

LO+100++1GU

Llu+l.218+0

L13+604+1408+38U0+20042+U0@

Leg+0.0

L2A+H10H2, 42,543, 0+3.29+5,5+3,75+0 ,0+3.25+4,544,75+45,0
+5.5+0, (Jt0.5+7 0

LO0F0e 02D 15,040,370 ,35+0.38B4+6,59406+L40+0.U41+6.42+6,U346.5
+7e5+12.5+25.450.+03. 00000
L70%0+0t2e5+5.0400316,35+6.3846,39+6395+6.4+6e 416, 4+6.4
+b.4+b-4+b.4+b-4+0-000ﬁ0

LIBOL+3, 0+ U e +3e58+0e+3,0+7,:16+15.0+0

TEXAMPLE PROBLEM..e LONGITUDINAL MODE FOR HYPOTHETICAL ENGINFE
Li+l00+1g+10+100+100L9+100

L3407+1

L20+1,.8411638+0,0

L7=~100

T EXAMPLE PROBLEM.so FIRST TANGENTIAL MODEs, HYPOTHETICAL ENGINE
LOF0+1420+1680+180+1+41,8411838 ’

LU +1+1+,0785+1+,0785

+242+. 075+, 0765+1+,0785
+3+1+e07680+4+,.0785+.0785+. 0785+, U785

L319+i+2,0+1.0+1

L323+c+4 . 0+1+2

LOg7+3+0.,0+1,0+3

LYH69+3+3+0+150+0 4+2, 0+

LO9H78+89,52+56.1

LOb84+0.75+0.75

T

L1+10U+10+104100+10

LEGHS40B4236940,0

L7=100

T EXAMPLE PROBLEM. « s SECOND TANGENTIAL MCDEs HMYPOTHETICAL ENGINE
LU+0+1+20+180+180+42++43,0542369

T

L4+200

LE+50

L20+1.8411638+0,0

L3405+1 .0

T 1T MODLe SHOWING EFFECTS OF DEADBAND NONLINEARITY
LU+0+1420+180+4180+1441,8411838

L1z2+1.009596+1.0
L119~b.1~2.1-1o1~U.6U~U.EU~O.15—U.11‘0.10”0.09-0.05
L1b9‘5q9"200‘1'0~0050-U-lU”Uo05“U301+0000+0.00+0000
LlZQ"U.Ul+U.01+Oo05+0.09+D.10+U,11+0-15+U.20+0.6O
LI78+0,0U+Ua00+04 0040, 00+U0040,01+0054+0.10+0.50

L1388+l 1u+2., 145,140, 000000

L168+lQUU+290+5,U+UQUUOUUU
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4, Use of Computer Programs (cont.)

4.3 ILLUSTRATIVE DESIGN PROBLEMS
Example 9: Longitudinal Mode Analysis

The following data concerning a hypothetical engine will be
used for this example., The location of these data in the input is described

in Program A and Program C in Section 4.2,

Main control (LO and L2)
Engine geometry: see Figure 21 (L13, 14, 18, 3803-3807)
vy = 1.218 (L10)

Mach number: will be calculated from contraction ratio
and (L11)

Co = 3800 ft/sec (L15)
Weighted liquid injection velocity (L16)
Momentum interchange coefficient = 0.0 (L17)

Combustion distribution: a linear combustion distribution
with complete combustion occurring at 6.4 in. (L50..., L70...)

The problem is to find the n,T zone for the first longitudinal
mode. The input data package is shown in Table 9 and the output is shown in

Table 10,

The output of this program is a neutral stability curve which
describes the system pressure interaction index, n, as a function of the sen~
sitive time lag, T, Engine systems whose injector characteristics coincided
with this line could neither amplify nor dampen small linear disturbances in
the combustion process. The injector characteristics are not obtainable from
this nor any existing computer program. They are divided into two parts:

(1) sensitive frequency (relatable to T by the equation fS = E%D and (2) an

experimentally determined injector pressure interaction index, n,
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4,3, Illustrative Design Problems (cont.)

Example 10: Transverse Mode Analysis

For the transverse case, the problem will be to find the n,T
zones for the first tangential and the second tangential modes. The data given

in the longitudinal case will be supplemented by the following information:

Main control (L1, L3, L4, L5 and L9) which triggers
Programs B, D, E and J

811 = 1.8413 and Spq = 3.0543 (L20)
Injector pressure nonuniformity coefficient (L4539)

Number of radial baffle compartments = 180
(L4 Section III of data package not to be confused
‘with L4 of main control)

"Total weight flow = 150 1b/sec
Mixture ratio = 2,0

Injection occurs at three radii:

Unlike doublets at = 2,0 in. .

. ' _ . (L9569-76, 79, 84,
Triplets (X~-F-X) at r = 4,0 in, 85, 88-91)
Pentads (4F-X) at r = 6,0 in,

Injector radius = chamber radius

No film cooling

Fuel and oxidizer loss coefficients = 0.75
Spinning modes (L1 Section III of data package)

Tangential mode numbers = 1 and 2 (L5 Section III
of data package)

No radial or tangential velocity effects (L4556...,
L4573..., and L4590... not needed)

The data package input is shown in Table 9 and the output is
shown in Table 1l1. Pay close attention to arrangement of input cards
(Figure 20) to make sure that the data for Programs E and J go into Section III
of package. Do not forget Sections II and IV (T) cards. Once again, the
problem is to find the n,T neutral stability curve for both the first and

second tangential modes.
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4,3, Illustrative Design Problems (cont.)
Example 11: Nonlinear Combustion Response Analysis

For this case, the first tangential mode will be examined
using a deadband nonlinear element. 1In addition to the above injector data,

the following additional information will be used:

a~]
il

1.0

TFLP 1.0

f

The data package is shown in Table 9 and the output is shown
in Table 12,
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5, STABILIZATION DEVICES

In a sense, any combustion system for a rocket engine is potentially
unstable. It may even be true that all high-performing systems require some
measure of supplemental damping besides that afforded by the nozzle, This
view is emphasized by the illustrative problems presented in Section 3, where
only the exotic designs were manageable solely by controlling the injector
pattern and the nozzle admittance, and these only at the expense of a poten-

tial degradation in performance.

Stabilization devices have been employed in all major systems since
the second generation ballistic missiles. They should be viewed by the
designer, therefore, not as a crutch to a workable system that has exhibited
a latent defect, but as an essential component which supplies stability in the

same way that the injector supplies propellants and the nozzle supplies thrust,

Baffles are the stabilizer most frequently employed because they
are relatively simple to design and can be installed in a system already
operating without major redesign. The only significant alternative to baffles
is the acoustic liner. Compared to baffles, this device is relatively new,
and while theoretically quite feasible, has not been utilized as extensively.
Moreover, it has the disadvantage with respect to existing systems of requir-
ing inclusion in the original design before the chamber geometry, fabrication

technique, and cooling system have become fixed.

The balance of Section 5 is a detailed review of the state-of-the-

art as it relates to baffles and liners.

Page 159



Report 20672-P2D

> 4

3 - Radial 4 - Radial 5 - Radial

NP

S
£
N
5

/)

/S

5 - Radial with Hub "Egy Crate" Irregular

(@) BLADE ARRANGEMENT

/ Chamber
. 1 Baffle /— ' _
Q Baffle
| \~———lnjector
Baffle j
i

(b) BLADE SHAPES

Figure 23 -— Baffle Shapes and Blade Arrangements

Page 160



Report 20672-P2D

5, Stabilization Devices (cont.)

5.1 BAFFLES

There are innumerable baffle configurations possible, not all of
which can be covered in this text. Therefore, emphasis is placed on under-
standing the underlying principles of baffle design in order that the designer
be able to extend the basic concepts of baffle design to new and original

designs.,

5.1.1 Principles Governing Baffle Design

Injector-face baffles are intended as a damping device for the high
frequency modes of instability referred to in Section 3 as the transverse
modes and are characterized by acoustic oscillation parallel to the injector
face. In a cylindrical chamber, the acoustic pressure and velocity vary in
both the radial and circumferential directions for the tangential modes and

only in the radial direction for the radial modes.

The tangential modes of instability can be further divided into
spinning modes, which are the result of a single pressure wave traveling
tangentially in either a clockwise or counterclockwise direction and a cor-

responding velocity perturbation in phase with the pressure, or standing modes,
]

which consist of two counter—-rotating waves with the velocity perturbation

out of phase with the pressure in space dimensions.

The addition of baffles to a rocket engine prevents continuous
motion of the gas particles in a tangential direction because the baffle,
extending radially outward as shown in Figure 23, introduces a boundary condi-
tion incompatible with the spinning tangential mode, Therefore, it is the
latter class of tangential instability, along with the radial modes, that are

of major concern in the design of baffles.
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5.1, Baffles (cont.)

The standing tangential and the radial modes of instability are
depicted in Figure 24, which shows the particle paths and the pressure anti-
nodes for the tangential and radial modes of the first and second order.
Also shown are the three most common combined transverse modes: the first
tangential-first radial; first tangential - second radial; and second

tangential -~ first radial modes.

A number of references* discuss the pure transverse modes, as well
as the combined tangential and radial modes. In general, the principles of
design for baffles to damp the pure transverse modes apply equally well for

the combined modes.

Of major concern in the design of an effective baffle is the loca-
tion of the baffles relative to the particle paths, since the baffles consti-
tute an obstruction to particle motion, There are a few general comments
concerning the tangential modes that can be helpful in understanding baffle
design, For example, with the exception of the first tangential mode the
transverse velocity at the center of the injector is zero., 1In general, as the
tangential modes become of higher order, the major motions and pressure varia-
tions of the gas particles are limited to the outer circumference of the
chamber. This characteristic becomes important in considering placement of
baffles to suppress the higher order modes. A second consideration is that
each mode has its characteristic pattern of pressure and velocity gradients,
The pattern of the specific mode for which correction is required should be
analyzed in deciding on the placement of the baffles because what may suppress
a tangential mode of one order may not be effective against modes of higher

(or lower) order, (Cf Figure 10, Page 46 and discussion pp 43 £ff.)

*See General References, Page 233
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5.1, Baffles (cont.)

In the case of the pure radial modes, the velocity perturbations
are limited to the radial direction, with the axis of symmetry being the
chamber axis at the center of the injector and again, as in the case of the
tangential modes of higher than the first order, no velocity perturbations
occur at the center of the injector. The order of a radial mode is determined
by the number of velocity antinodes, as shown in Figure 24.

The several stabilizing effects attributed to baffles can each be
related to the physical characteristics of the baffle, such as baffle compart-
ment size, baffle placement, and baffle length., However, it cannot be shown
conclusively in which way the baffle produces its major stabilizing effect,
because each effect is improved by altering the same physical dimensions of

the baffle.

The mechanisms suggested by which baffles effect damping fall into
three categories: (1) protection of the sensitive flame region (2) phase
stabilization, (3) and gain stabilization, or increased damping. By protect-
ing the sensitive flame region it is postulated that baffles make the
precombustion processes-(e.g., mixing and vaporization) less sensitive to
perturbations, Phase stabilization results from significant changes in
resonant acoustic modes of the combustion chamber so that the sensitive
frequencies associated with the combustion process are not in resonance with
the chamber modes. Two mechanisms have been adduced as the cause of gain
stabilization, or increased damping: additional viscous losses resulting from
the increased surface area introduced by the baffles; and the scattering of
energy into other modes that are easily damped. The former is considered a

second order effect.

5.1.2 Baffle Geometry

In the design of an effective blade arrangement it is necessary to

provide a logical basis for the selection of the minimum or the maximum number
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of baffle blades or hubs, and whether a symmetric or asymmetric blade arrange-

ment should be used. Each of these is discussed in the following.

The optimum number of blades for any baffle configuration depends
primarily on the mode of instability to which the system is most susceptible,
For example, consider the first tangential mode illustrated in Figure 24, Of
the thfge mechanisms by which baffles are postulated to produce stability,

phase stabilization and gain stabilization are affected by the number of blades,

The phase and gain stabilizing characteristics depend upon the
baffle system altevring the acoustics properties of the combus;ion chamber by
interfering with or altering the particle paths. Referring to Figure 25a, the
selection for a symmetrical baffle configuration to damp a first tangential
mode would be a three-bladed baffle. It is also apparent from Figure 25a that
a one~ or two-bladed baffle could, at the most, only cause the mode to stand
in the baffle cavity with the velocity antinodes located 90° from the baffle.
The same reasoning applied to a second tangential mode as depicted in
Figure 25b indicates that a symmetrical three-bladed baffle would be effective
and that the two- and one-bladed baffle would not be. Not as obvious but
equally true, a symmetrical four-bladed baffle would have little or not effect
because the mode can be contained within the baffle cavity with the velocity

antinodes located 45° from the baffle radial legs,

Extension of these considerations to the higher order tangential
modes leads to the generalization that a radial baffle system having an odd
number of blades (with the exception of a single blade) would offer protec—
tion from modes which are of the order less than the number of blades and, to
some degree, protection from modes of an order higher than the number of
blades provided the order of the mode divided by the number of blades is not
equal to an integer. This then gives the designer a criterion for the minimum

number of blades required in the case of a symmetrical baffle system.
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The generalization previously made only indicates the minimum
nunber of blades required, but indicates nothing concerning the optimum number
of blades to maximize damping and changing of chamber resonant frequencies.
For example, in the case of Titan III, Stage I, satisfactory stabilization
with respect to the 1T mode was reached only 'with a 7-blade baffle. Some
resistance to the 1T and 2T modes was exhibited by a 5-blade baffle, but not
enough to meet program requirements. For this information as to the most
effective configuration we must turn to experimental data on the effects of

baffle pocket size.

5.1.3 Design Optimization

Of interest to the injector designer is the trade-off between baffle
length and compartment size because of system considerations such as heat
transfer, performance, system pressure drop and compatibility. There are
little quantitative data available; however, what are available indicate that,
as might be expected, as the order of the mode approaches the number of baffles,
the trade-off becomes quite significant in terms of gain stabilization, as can

be seen from Figure 26.

These data, which are summarized in Figure 27, relate to the first
tangential mode and are consistent with what would be expected. The boundary
between the stable and unstable regions appears to be approaching asymptotic-
ally a horizontal line at a value of 0.92, which represents a baffle configura-

tion having two blades which is compatible with the first tangential mode.

From the results shown in Figure 28, decreasing the baffle cavity
characteristic dimension any further may, in fact, prove detrimental. Where
the wave length (L) is determined by the frequency of the first tangential

mode (i.e., A = c/f) the characteristic cavity dimension (w) is the
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circumferential distance between baffle legs at the chamber wall., Additional
support for this conclusion can be found in Figures 29 and 30 where the degree
of both gain and phase stabilization -~ as indicated from acoustic tests --
was not significantly altered for the first tangential mode by going from a

five-bladed symmetrical baffle w/A = 0,37) to a seven bladed baffle (w/x = 0.26).
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The discussion thus far has been limited to the tangential modes,
principally the first tangential mode. However, there are data available
which indicate that similar trends are present for the higher order tangential
modes and the radial modes. For the radial modes, w is the maximum dimension

along the chamber radius.

) A possible explanation of the trend which indicates that excessively
small baffle compartments can be detrimental is found in considering the limit~
ing case where the baffle compartments are a series of close-open tubes which
have cross-sectional dimensions in the order of 1/16 wave length. For this
case the baffles would exhibit the characteristics of a quarter-wave tube such
as shown in Figure 31 which exhibits only narrow band effectiveness (high Q)
and makes the baffle length a critical parameter. Acoustic data which support
this observation can be found in the work‘by Wieber which has been included in
Figure 32 along with data from Hannum.* The latter data are normalized by the
hydrogen temperature at which the unbaffled injector went unstable (TO). The
Wieber data are normalized by the inverse of the decay rate (FO/GO) for the
unbaffled injector. Wieber evaluated a four-bladed baffle and a baffle con-
figuration which consisted of an array of 65 solid posts, 3 inches in length
and of varying diameter, The characteristic dimensions for the injector hav-
ing the posts was determined by subtracting the total area of the cross-section
of the posts from the area of the injector and dividing by 65, the character-
istic dimension being the diameter of a circle having this area. Applying
this method, values for the term w/X range from 0.05 to 0.07, which is in the
range of w/A for the 100-compartment egg crate baffle, evaluated by Hannum.

The two sets of results indicate the same trend, that too small a baffle

compartment can be detrimental.

*1, Wieber, P. R., "Acoustic Decay Coefficients of Simulated Rocket
Combustors', Lewis Research Center, NASA TN D-3425, May 1966.
2. Hannum, N. P, Bloomer, H. E., and Goelz, R, R., "Stabilizing Effects
of Several Injector Face Baffle Configurations on Screech in a 20,000 1lb~
Thrust Hydrogen—-Oxygen Rocket", Lewis Research Center NASA TN D-4515,
April 1968.
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There is at present a tendency to use symmetrical baffles in rocket
engines. This is primarily because of the difficulties associated with feed-
ing coolants to an asymmetric baffle system from a feed system that is
generally symmetric., However, some experimental work has been done with
asymmetric baffles of the type shown in Figure 23. Several reasons have been
stated as to why an asymmetric baffle system would be superior to a symmetric
system, all of which basically revolve about the idea that asymmetrically
placed baffles will "scatter" the energy generated in a random manner. No
data have been accumulated on what could be considered a truly asymmetric
baffle, However, some data are available on configurations in which the radial
blades of the baffle have unequal sector angles or in which the baffle legs
are directed in other than a radial direction. The results from tests with
units of this type indicate no apparent superiority for this type of baffle.

over a symmetrical baffle having the same number of baffle blades.

5.1.4 Blade Design

One aspect of baffle design, the size of the baffle pocket, is
discussed in Section 5.1.3. The data accumulated indicate that ratios of char-
acteristic cavity dimension to wave length in the order of 0.20 is desirable,
where the wave length is based on the frequency of the unstable mode and the
characteristic dimension is defined as the average of the maximum circum-
ferential dimension of each of the baffle cavities for the tangential modes of
instability or the average of the maximum radial dimensions of the baffle

cavities for the radial modes.

It is next necessary to determine the optimum baffle length and
shape viewed from the side of the baffle, such as shown in Figure 23b and,
finally, design considerations related to cooling of the baffles. The mean

baffle height is defined by
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1 Te
H = = [ H() ar Eq. 27
c

for the tangential modes, This definition is. used throughout in defining
baffle length and is reasonable for the configurations discussed. However,
significant deviation from a baffle system in which the blades do not extend
to the center of the chamber will require some judgement in specifying the
baffle height since, in the case of the tangential modes, baffle height at
the wall of the chamber is more effective in increasing phase and gain
stabilization, This is because the major portion of the gas motion in
tangential modes occurs near the chamber walls. This gas motion becomes more
concentrated at the chamber wall as the order of the mode increases, which
would indicate that the effective height may change, depending on the mode

being considered.

On the evidence of acoustics as represented in Figure 29, it is
indicated that the baffle length has the maximum effect on gain as the ratio
of the baffle height to the chamber diameter approaches 0.10, Increasing this
ratio to 0.30 adds only 25% to the damping, or the rate of increase in damping
is reduced by a half, and from this point very little increase in damping is
realized, Similar trends have been noted in test firing data, which are also

presented in Figure 29,

However, a word of caution is warranted., Consider the feedback
mechanisms such as those proposed by Dykema and Priem, discussed in Appendix A.
Response curves from these mechanisms are typically of the shape depicted in
Figure 33, It can be deduced that, if the unbaffled resonance of the chamber
is to the left of the peak response, increasing the baffle length will indeed
increase the stability of the system in both a phase and gain stabilizing

manner. However, if the unbaffled resonance is to the right of the peak
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response of the controlling feed-
back mechanism and if the rate of
increase in gain for this mechanism COMBUSTION RESPONSE
as a function of frequency is
greater than the damping increase
due to increasing the baffle length,

PRIEM - HEIDMAN
the system will become less stable,

COMBUSTION DYKEMA
RESPONSE

The relationship of

injector element design to the

effectiveness of a given baffle can
be found in the data obtained from FREQUENCY \\
GEMSIP where both a seven and a

five-bladed baffle configuration,

Figure 33 -- Combustion Response
having the acoustic characteristics

indicated in Figures 29 and 30, exhibited dynamically stable combustion char-
acteristics when tested with a coarse injector pattern. This same configura-
tion, when tested with a fine injector pattern, failed to stabilize combustion.
This shows the necessity for considering the injector pattern characteristics
in the design of the baffles, The designer must in his selection of an
injector-baffle system use an analytical technique such as discussed in
Section 3.1 to determine, as a minimum, the sensitive frequency range of his
candidate patterns, and evaluate how the baffles will alter the chamber
resonances relative to the estimated sensitive frequency. Although this tech-
nique will not necessarily insure the design of a stable system, it will

minimize the amount of development work required.

Consider now the stabilizing aspect of a baffle attributed to pro-
tection of the sensitive flame zone. This mechanism was postulated from
observation of the combustion process in a transparent thrust chamber. In

these experiments it was noted that a certain length of baffle was required to
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minimize the interaction between adjacent streams of propellants when per-
turbed by a bomb. From the observations it was concluded that baffle lengths
which covered 70 to 807 of the combustion zone were most effective in reducing
stream interaction, Additional support can be found for this mechanism in the
data presented by Hefner®* where he postulated that the initial high decay rate
with baffle length measured from test firing data (Figure 34) was significantly
greater .than that measured in acoustic tests at room temperature and therefore
could be attributed to the concept of flame zone protection. From the data
available it is apparent that selection of a baffle length that produces the
optimum phase and gain staiblizing effects should likewise be sufficient to
satisfy the baffle length criterion for the flame zone protection concept,
since the major portion of the combustion occurs within two to three inches of
the face, This criterion of flame zone protection may not be satisfied for
small diameter chambers. However, where baffles have been selected for small
engines on the basis of the phase and gain stabilization criteria, success has
been possible., In these cases the baffle lengths were in the order of 1/4 inch

and the injector patterns were very fine,

Data on the acoustic effects of baffle shape are limited to that
reported by Wieber#*#* and others., In the case of the Wieber data, the change
in baffle shape was the result of a change in the contour of the injector face.
The test results are not conclusive because the variation in the contour of
the injector face itself has a significant effect on the decay rates measured,
making the effect of baffle shape difficult to interpret, However, the results
do indicate that based on the average height, as determined using the relation-

ship given by Equation 27, the baffle is more effective,

*Hefner, R. J., "A Review of the Combustion Dynamics Aspects of the Gemini
Stability Improvement Program", Second Combustion Conference, CPIA
Publication 105, Volume 1, pp 13-22, May 1966,

**Wieber, op cit.
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The same trend is indicated in the case of the data from GEMSIP,
However, the variations in the baffle shape are not significant, making corre-
lations between the baffle shape and the damping characteristics impractical.
Additional work in this area is required.
with the observation made earlier that the major gas motion for the tangential

modes occur at the chamber wall., This effect becomes more noticeable for the

higher order modes.

The effectiveness of radial baffles extending approximately 1/3 the
chamber radius from the chamber wall has been demonstrated by Moberg with a

1750-1b-thrust engine.

evaluated,

From the discussion and data presented the following general rules

can be used in designing a baffle,

l-

An odd number of baffle blades is best for the
tangential modes., The order of the mode divided

by the number of blades should not be an interger.

For the radial modes, hubs located -at the velocity
antinodes, indicated in Figure 25, are best. The
minimum number of hubs required is equal to the
order—-of-the-mode (i.e., lst radial requires one

hub).

Making the baffle compartments too small may be
detrimental. A baffle characteristic cavity
dimension (w) in the range 0.4 > %35 0.2 where

A ='% appears to be most desirable.
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4, Ratios of baffle length to chamber diameter in the

range of 0.2 to 0.3 appear to be optimum.
An example is given to show how a designer applies these rules,

Example 12: Design Baffle to Suppress Transverse Mode

Assume that the injector pattern and propellant combination has
been found to have its greatest frequency sensitivity (i.e., peak response) at
3400 Hz. This value for fs may have been determined analytically from
Section 3 or experimentally from test data such as obtained from the transverse

excitation chamber discussed in Section 6.

Inserting this frequency (fS) into the wave equation together with
the speed of sound (a) for the combustion gases (approximately 5000 ft/sec for
H2/02)one can calculate the wave length ().

A= = 1.5 ft

2.
£
s

Assuming that the chamber diameter is 10.4 in., the frequency of 3400 Hz cor-

responds to the first tangential mode,.

From Recommendation 3 the baffle spacing, w, should be in the range
of 3.6 in, to 7.2 in. Since w for the first tangential mode is the circum~
ferential distance between the radial baffle legs, this yields a minimum of
5 and a maximum of 9 for the number of baffles, In accordance with
Recommendation 1 an odd number of baffles is advisable. A nominal value of
seven appears to be a reasonable choice. From Recommendation 4 the baffle

height should be between 2 in. and 3 in.
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5.1.5 Other Design Considerations

In addition to the stabilizing effects of baffles, consideration
must be given to such factors as methods for baffle cooling, the effect that
the baffle will have on performance, and the magnitude of the system pressure
losses that can be attributed to the addition of baffles, Detail considera-
tion of each of these factors is beyond the scope of this guide and is, in
genéral, influenced by the injector systems in which the baffles are to be

installed. However, some discussion is warranted.

The effect of baffles on the performance of rocket engines has
never been documented in the open literature; however, limited data are
available for a few engine systems and they are summarized in Table 13 below.

Table 13 -~ Effect of Baffles on Engine Performance

Change in Specific

System Impulse (sec)
Atlas -0.3
Thor +1.1
F-1 +5.3
H-1 -0.5
Titan -0.9 (Stage I)
Titan +5.0 (Stage II)

Though these data would seem to indicate that there is no signifi-
cant performance loss attendant to the addition of baffles to the injector,
this conclusion must be tempered by the probability that the injector pattern
was altered during the process. Since, with the addition of baffles, the

system would be considerably less susceptible to instability, the injector
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pattern could have been modified to produce more efficient combustion., The
net result would be very little loss-—-or perhaps, even a small gain-—~in perfor-

mance for the baffled system.

A survey of several engine systems indicates that a properly
designed, regeneratively cooled baffle system will require an increase in the
propellant feed pressure on the order of 7% of the chamber pressure in order
to operate reliagbly. However, this is strongly dependent on the cooling tech-
nique used., For example, with tip-injecting baffles, the pressure drop in

some cases has to be maintained at the same pressure drop as the matrix.

At least one set of experimental measurements of the thermal environ-
ment in which the baffle must operate is available, as well as several related
articles on similar design problems with cooled chambers., The most complete
set of baffle design cool%ng data is a result of work performed for GEMSIP.

This experimental study of blade cooling utilized a highly instrumented water-
cooled baffle, The significant results of this work are presented in

Figures 35 and 36.

The first figure gives what is referred to as the calorimetric heat

fluxes from three separate tests. The calorimetric heat flux, defined by

¢ 5 ar
q/A = __,_AR,.,_E Eq. 28

represents an average heat flux for a series of coolant channels located at
various distances from the injector face. The values of heat flux are deter-
mined from the bulk temperature rise of the coolant in the individual channels.
The variation in the heat flux as a function of the baffle length is apparently

the result of combustion intensity, as a function of the distance from the
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injector face, Perhaps the most significant observation from the data from
the standpoint of the designer arises from the comparison of the predicted gas

side film coefficients based on the simplified Bartz correlation defined by

F .

) _ 0.026 o.2cj Wl 0.8 {Eia 0.8 v, 26

g(Bartz) De 0.2 P 0.6 £ AL} fo )
r
where:
T + T
T = &8
£ 2

Ts is the static temperature defined by

with the calculated film coefficient h defined by

(data)

q/A
- T
s g(data)

n data = T

Plotted in Figure 36 is the ratio of film coefficients (H) defined by
n = hg (data)/hg(Bartz) Eq. 30
The results indicate that the gas~side film as estimated by the Bartz equation
can be in error by as much as 50% on the low side. It should be noted that no
film cooling was used on the experimental baffle.
In general, two methods have been used for cooling baffles, the

first being a single-pass cooling system in which the coolant is discharged

into the chamber at the tips of the baffle, and the second being a double-pass
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system in which the coolant is returned through the baffle to the injector

manifold and enters the combustion zone through the injector orifices.,

The method of discharging the cooclant from the tip of the baffle
has been the subject of much discussion because it could introduce a secondary
flame front downstream of the baffle and be detrimental to stability. Injector
development data have in fact, indicated such a possibility; however, to date

no conclusive evidence has been obtained.
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5, Stabilization Devices (cont.)
5.2 ACOUSTIC LINERS
One manner of depressing or damping combustion oscillation in liquid

rocket engines is through the use of an acoustic device based on the classical

Helmholtz resonator, a sketch of which is shown in Figure 37. There have

77
S I

N

Figure 37 -- Helmholtz Resonator

been many applications of this method of stabilization and much discussion in
the literature of the theory involved and the experience gained from a variety
of programs. A bibliography of important theoretical and experimental work in
this field follows this section. This bibliography will aid the designer by
providing the basic information necessary to design and to evaluate a state-
of-the-art acoustic liner for a liquid rocket engine. The essential concepts
involved are introduced and discussed and an example design calculation is

presented.

Page 186



Report 20672-P2D
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An acoustic liner is basically an array of Helmholtz resonators
designed to damp an observed combustion oscillation. The liner departs from
the resonator concept in that it is not mandatory that each resonator volume
be physically separate from all other cavities. The usual practice is to have
several resonator orifices opening on a common cavity whose volume is equiva-
lent to the total volume of the several individual resonators. The liner
generally includes only enough cavity separators to preclude any flow of
combustion gases through the liner (i.e., in one orifice and out another). If
flow through the resonator orifices were to occur, hot gas erosion could result
in damage to the liner. In the case of tangential modes of instability the
mode could also -occur inside the resonator cavity and possibly add to the

instability.

Another departure from the theoretical resonator concept is the use
of openings as continuous slots instead of discrete orifices. Although a
departure from the classic Helmholtz resonator, the analytical procedures

remain the same.

Positioning of a liner or individual resonators must be dictated by
the particular mode of instability observed. To have the maximum effective-
ness, the liner should be positioned so as to present. orifices at the point
of maximum pressure oscillation. In the case of most transverse instabilities,
the pressure maximum occurs at or near the chamber wall within a few inches of
the injector face. It has been observed that liners which have been positioned
in a chamber with the forward most row of elements several inches downstream
of the injector have little or no effect on the instabilities. Although most
work has been done with liners placed in the combustion chamber wall, some
work has begun on placing resonators in the face of the injector in the
region of the anticipated pressure maximum. The placement of the acoustic
resonator in the injector face could detract from the area available for

active injection elements; however, the installation is simpler.
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One question which arises in the design of an acoustic liner is
the number of elements required to damp an observed instability. There is no
rule, postulate (experimental or theoretical), or mathematical formulation
which will give a general answer to this question. The common procedure is
to incorporate as much acoustic liner as physically possible. In order to

reduce the size of the liner, a‘:rial-and-error procedure must be followed.

A resonator must be '"tuned" for resonance at the frequency of the
combustion chamber pressure oscillation. The resonant frequency of a

Helmholtz resonator is given by:

12 x cr Ao

£ = Eq 31
2m leff v

where 2

opp = b F0.85d (1 - 0.7 /o)

and

Hh
i

resonator resonant frequency, Hertz

= YgRT = acoustic velocity of gases in resonator, ft/sec

o]

o = ﬁd02/4 = area of orifice, in.2

resonator orifice diameter, in.

(e}

= resonator cavity volume, in.

off = effective length of resonator orifice, in.

e << AP0
1l

= thickness of resonator wall, in.

= open area ratio at the face of the resonator, A/Af
= face area of resonator, in.

= ratio of specific heats of gases in resonator
gravitational constant, ft/sec

= gasg constant, ft-1b/1lb °R

= e < > Q
]

= absolute temperature of gases in resonator cavity, °R
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5.2, Acoustic Liners (cont.)

The simple Helmholtz resonator can be discussed in terms of an
analogous simple mechanical oscillator. The gas in the opening is considered
to move as a unit and provides the mass element of the system. The stiffness
element of the system is provided by the gas pressure in the cavity as it is
alternately compressed and expanded by the influx and efflux of gas through
the orifice. The resistance element is provided by a combination of viscous
losses associated with the oscillating gases in the orifice and the dissipation

of acoustic energy by the radiation of sound into the surrounding medium.

The mass term described above is a function of the orifice area,
the average gas density and the effective length of the orifice. The use of
an effective leﬁgth rather than simply the physical orifice length is because
some of the gases beyond the ends of the actual constriction move as a ﬁnit
with the gas in the constriction or orifice. The formulation given in
Equation 31 assumes that\Ehe flow along the face of the resonator has no
effect on the oscillating gases. This is a valid assumption when designing
resonators for applications near the injector where the axial velocity of the

combustion gases has not become established.

An example of the application of the aforementioned equations

follows:

Example 13: Design of Acoustic Resonator

It is first necessary to obtain the acoustic and thermodynamic
conditions from design data or assumption and then fit the acoustic liner to
these, For this particular example, it will be assumed that a combustor has
been tested and found to operate with oscillatory combustion at a frequency
of 1200 Hertz.
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5.2, Acoustic Liners (cont.)

Next, in order to design the resonator itself, some physical design
constraints and assumptions must be fixed. A cavity gas temperature and
composition must be assumed (unless there are pertinent data available) to
calculate the acoustic velocity in the cavity. For this purpose it will be

assumed that the cavity acoustic velocity is 2400 ft/sec.

Thirdly, the geometry of the resonator must often be designed to
conform to an existing chamber configuration; i.e., the resonator is often
fitted to a chamber subsequent to the final design and manufacture. This may
limit volumetrically the amount of liner which can be considered in the
original design. Another example of a physical design constraint is the
thickness of the face (or length of the orifice). From a resonator standpoint,
it is often desired to have a short orifice length and, hence, a thin wall on
the liner face. A thin-walled resonator will generally have higher effective-
ness than a thick-walled resonator tuned for the same conditions. For other
reasons, however, the walls may need to be thicker than desired and the design
compromised from an acoustic standpoint. For example, due to the elevated
thermal environment to which a liner is necessarily exposed, the wall of a
resonator must be designed more from a stress and heat transfer point of view
than from combﬁstion stability considerations. Keeping the above restrictions
in mind, assume that the example design requires a wall 0.40 in. thick for the
face of the resonator and that there is a maximum available volume of 19.35 in.3

for the installation of this liner.

Now assuming an open area ratio of 2 percent and an orifice diameter
of 0.13 in., the size of the resonator element of the liner can be calculated
from the following equation:

Lors

t + 0.85 (d) (1 - 0.7 Vo)

0.40 + 0.85 (0.13) (1 - 0.7 Y0.02)

0.50 in.
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5.2, Acoustic Liners (cont.)

Then from Equation 31

‘o 12 x c. qy/ Ag
2T zeff v

or

<
n

_ [ 12 x 2400 2 r/4 (0.13)°
~ ol 2m x 1200 0.50

0.387 in.>

]

3 . .
Therefore, since there was a maximum of 19.35 in.” available in the system
, 3
for the liner cavity and each resonator element requires 0.387 in. , there
will be room for only 50 elements in an array so arranged to maintain the

gspecified open area ratio of 2 percent.

The foregoing example has been designed to illustrate the basic
principles using an extremely simplified set of restrictions and assumptions.
Nothing has been said, forvexampie, about the bandwidth effectiveness of a
resonator design, i.e., the frequency spectrum over which any resonator or
liner will be effective in damping a pressure oscillation. This would be
extremely important in the case where, instead of one mode of unstable
operation, there are two or more modes predicted. Accordingly, it is neces-
sary to know if it can be expected that all modes can be controlled by a liner
designed fdr a single resonant frequency or if, in fact, a liner tuned to
several frequencies must be designed. These problems are very specific in
nature and are most often unique. The designer is therefore directed to the

bibliography for further and more detailed information.
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6. TEST PROGRAMS

The preceding sections of the report cover in detail the approach
used in the design of a injector chamber combination using one of two element
types, the coaxial intersecting cones or the conventional impinging injector
stream elements., This section is devoted to discussing methods for obtaining
sufficient experimental data to characterize other element types, methods for
instrumenting the test piece and finally the technique to be used for demon-

strating the stability characteristics of the injector.
6.1 SUBSCALE AND MODEL TESTING

6.1.1 Evaluation of the Transverse Mode

Transverse modes of instability are defined as pressure perturbations
perpendicular to the flow direction. Instability modes categorized as trans-
verse modes include: tangential, radial, and pocket modes for baffled
compartments. To evaluate these, a test device was designed and demonstrated
for Contract NAS 8-20672., This device is termed a "transverse excitation
chamber" or TEC, The TEC has high acoustic losses for the longitudinal modes
of instability, and is generally spontaneously unstable in the transverse modes
when operating near an injector's sensitive frequency range. The term
"sensitive frequency range' is used in conjunction with excitation chamber
test results and simply means that there exists a range of frequencies which

represents the most unstable operating condition.

The TEC shown in Figure 38, utilizes removable injector inserts and
wedges for the combustion chamber. The wedges are used to change the chamber
cavity size, thereby changing the transverse mode frequency, Chamber pressure
may be varied by changing the area of the throat for tests at constant injec-
tion density or by using the same throat and varying the flow rate for constant
Mach number. The removable injector inserts allow a variety of injection pat-

terns to be evaluated using the same chamber hardware.

Page 195



Report 20672-P2D

R e : s
e i
i G
o .
o ﬁ{ .
R

S

2
2

i

.

s wff;ﬁ S . i ' i - e
. ; 2 o o
¢§% o . . . . . ?%%?,ﬁ
o

e

Figure 38 —- Transverse Excitation Chamber (exploded view)
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Figure 39 -~ Instability and Damping
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6.1, Subscale and Model Testing (cont.)

The required test data include a continuous high frequency analog
record of the growth rates of the spontaneous instabilities, A pulse, fired
in the transverse direction when the system has attained steady-state opera-

tion, is used to excite an instability when required.

Typical instabilities are shown in Figure 39; these instabilities
were obtained directlj from test records. The topmost trace shows the growth
of a spontaneous instability which then grows through a linear wave form into
a steep-fronted nonlinear wave. The second trace is the result of a pulse;
the system is changed from stable to unstable almost instantaneously by reach-
ing the limit cycle amplitude of the instability. The system is initially
unstable in the fundamental mode and shifts to the second mode scon after
instability is established., The third record shows the decay of a pulse during
a stable test, The fourth record shows the spontaneous growth of an instability
in the fundamental mode and a shift to the second mode once the limiting ampli-

tude has been attained.

Figure 40 shows an established instability in the second mode during
a pulse: the pulse results in a pressure spike which decays in the funda-

mental mode and the start of a regrowth of the second mode is seen.

Time ———»

Figure 40 -- Decay of Fundamental Mode and Regrowth of
Second Mode
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6.1, Subscale and Model Testing (cont.)

Test records such as those shown in Figures 39 and 40 are analyzed by
determining the rate of change of pressure during the period of growth or decay
of an instability., (This growth rate or decay rate is interpreted as the
response of combustion to the frequency of instability). These results are
commonly expressed in terms of sound pressure level. An analog record of a

high-frequency instability is seen in Figure 41, This record shows the growth

Time m—»

vesnd l!l‘lllﬂ_
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Figure 41 -- Growth of Second Mode and Decay into Fundamental

of a second order mode and its decay into the fundamental mode. Figure 42 is
a series of log decrement plots of sound pressure level vs time obtained from
the same record by using a Briiel and Kjaer analyzer to separate the sound
levels of the various modes of instabilities. At the top of the figure is a
plot of the unfiltered record showing the growth of both modes of instability.
The second record was filtered at 2500 Hz, thereby recording the growth of the
fundamental mode,  The third record was filtered at 4000 Hz and shows only the

growth of the second mode,

6.1.2 Evaluation of Longitudinal Modes

Longitudinal modes are evaluated in subscale testing in the same
manner as transverse modes, and the analysis of the data is the same as that

described in the prior section.

Testing for an injector's sensitivity to longitudinal modes is done
by using a research device which has high system gains in the longitudinal
direction and whose tangential mode frequencies are high enough that they are
above the system's sensitive frequency. The mode excited by this device is in

the direction of flow.
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6,1, Subscale and Model Testing (cont.)

The sensitivity of the longitudinal mode in connection with multi-
orifice injectors using earth storable propellants was evaluated at Aerojet by
a company-sponsored independent research and development program. An artist's
concept of the device used for these investigations is shown in Figure 43, The
injectors are located at each end of the combustion chamber and the throat is
located in the center of the chamber in the form of an annular slit. A baffle
inserted through the throat and across the full diameter of the chamber is
removed once steady~state operation is attained. This reduces system losses
allowing an instability to grow at a frequency corresponding to the fundamental
longitudinal mode for the unbaffled chamber length. Data are recorded in a
manner similar to that for transverse modes. Growth rates or decay rates are

used to characterize the injector's sensitivity.

These data are interpreted in a manner similar to the transverse mode
in that the growth rate is a measure of the system's responsiveness to the
frequency of a particular longitudinal mode. A decay rate represents the
amount of the damping present when operating at a given set of testing condi-

tions and at the frequency of the fundamental longitudinal mode.

6.1.3 Planning Subscale Test Program

A test program to evaluate an injector concept for sensitivity in the
transverse or longitudinal mode should include where possible evaluations of
single parameters, The parameters to be evaluated during these tests may be
correlated by using experience from other stability evaluation programs*, For
example, velocity ratio, combustion chamber mode number, chamber pressure, and
diameter of the oxidizer orifice were found to be important under this contract.
In addition, the work of Wanhainen, Feiler, and Morgan at NASA's Lewis Research
Center showed that the pressure drop through the fuel circuit, the density of
the hydrogen and of the oxygen, and the propellant mixture ratio can be used as

a guide in designing a test plan.#

%5th ICRPG, "Correlations of Sensitive-Time-Lag Theory Combustion Parameters
with Thrust Chamber Design and Operating Variables," F, H. Reardon, 1968,
#"Effects of Chamber Pressure, Flow per Element, and Contraction Ratio on
Acoustic-Mode Instgbility in Hydrogen-Oxygen Rockets," J. P. Wanhainen,

C. E. Feiler, C, J, Morgan, LeRD THD 4733, August 1968,
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6.1, Subscale and Model Testing (cont.)

In devising a test matrix to evaluate the effect of the parameters
in question on stability, consideration should be given to the expected over-
all effect of these parameters, This may be done by using available correla-
tion equations. If, from this study, it is found that the effect of a

parameter is only slight [e.g., (MC)O'lS

], then evaluation of the parameter
should be conducted over a sufficient range to separate its effect from the

normal scatter of test data.

A test program may be used which will concentrate testing around
nominal engine operating conditions. The test parameters should then be
varied on either side of these nominal values., Initial testing should con-
centrate on nominal test conditions to determine the frequency response
characteristics of the injector element, Having first determined the sensi-
tive frequency, one may then evaluate the effect of variations in the operating
conditions on the gain. The test matrix should consider a minimum of two
possibilities: shifts in gain and/or shifts in the sensitive frequency range

due to changes in the operating conditionms.

6.2 DEVELOPMENT TESTING
6.2.1 General

The use of high-frequency instrumentation in the test program is an
absolute necessity to enable the designer to identify the effects of modifica-
tions to the injector or chamber designed by applying the principles in
Section 3 of this design manual. The déta obtained from this source will
enable him to evaluate the stability of a given design, to determine the range
of sensitive frequencies by mode identification, or to design a baffle con-
figuration or acoustic liner for stabilizing a potentially unstable design.
Stability rating of the system should be obtained by using either directional

pulses or nondirectional bombs or both.
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6.2, Development Testing (cont.)

The location of the high frequency pressure transducers can assist
in determining the important modes (e.g., 1T, 2T, 1T-1L, 2T-1L, etc.), thereby
supplying requirements for selecting a particular baffle configuration. The
type of high frequency pressure transducer used is important in that there is
a variety of pressuré transducers on the market with different ranges of fre-
quency response. The mounting of these transducers is also important in order
to avoid resonance, which will yield misleading results. The use of power
spectral density plots and fixed~bandwave analyzer (B&K plots) data may be

used effectively to determine the sensitivity at specific frequencies.

Testing requirements that will determine adequately the stability
characteristics of a system should include sufficient variation of operating
parameters to characterize the system over its entire range. Particular
attention should be given to the parameters which most affect the stability of
thersystem. As an example, the injection velocity ratio, the mixture ratio,
and the chamber pressure have significant effect on the stability of systems

employing coaxial and impinging multi-orifice injectors,

6.2.2 Instrumentation

6.2,2,1 Instrumentation Locations

The intent of this section is to prescribe the best locations for
high frequency pressure transducers such that a maximum number of instability
acoustic modes may be identified and to describe the mechanics for analyzing
stability data, Figure 44 has been used at Aerojet to identify modes as high
as 2T-3L. Theoretically, this arrangement of transducers can be used to
identify transverse modes of as high an order as 5T and longitudinal modes as
high as 4L. Additional information on instrumentation can be found in the

References,*

*Selection of Instrumentation for Analyzing Combustion Instability in Liquid
Propellant Rocket Engines prepared by the Committee on Instrumentation and
Test Data, ICRPG, Chemical Propulsion Information Agency CPIA Publ. 148,
July 1967,
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6.2, Development Testing (cont.)

Example 14: Determination of Transverse Modes

The modes to be considered should be selected on the bases of the

frequencies observed and those calculated using the method described in

Section 3.1, Examples 1 and 2. For this case, a standing 3T mode (shown in

Figure 24, Section 5) is assumed,

Stéb 1.

Step 2.

Step 3.

Step 4.

Place the plot of nodal planes over the sketch of transducer loca-
tions with one nodal line passing through the lcoation of the

transducer,

If a standing 3T mode were to appear in this position, transducers
No,., 1 and No. 2 would record no pressure oscillation since a nodal
plane coincides with each transducer. Pressure transducers No. 3
and No. 4 would record the maximum amplitude of the instability 180°
out of phase since the two transducers are located at a pressure

maximum and a pressure minimum (antinodes).

Rotate the nodal planes 7,5°. At this location, all transducers will
record pressure oscillations. Transducer No. 2 is now near a pressure
antinode and will record a maximum amplitude. Transducers No. 1 and
No. 3 are in phase and transducer No. 4 is 180° out of phase with

transducer 3,

Rotate the nodal planes 7.5° beyond the position of Step 3 or 15°
from the original position (Step 1). At this location, transducers
No. 1 and No. 2 are located at pressure antinodes and will record
maximum amplitudes in phase. Transducers No., 3 and No. 4 are at

pressure nodes and will record no pressure oscillations.
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6.2, Development Testing (cont.)

Determination of Longitudinal Modes

The identification of longitudinal modes is accomplished by using
transducers in locations along the chamber axis. Mode pressure profiles up
to 4L are shown on Figure 45. The identification of modes is accomplished in
much the same manner as for transverse modes. As an example, transducers
No. 1 gnd No. 7 read maximum pressure oscillations 180° out of phase; trans-—
ducer No. 5 is at a pressure node and no pressure oscillation will be reccrded.
For a 2L mode, transducers No, 1 and No, 7 record maximum pressure oscillation
in phase and transducer No. 5 records maximum pressure oscillations 180° out
of phase, For a 3L mode, the transducers record the same phase relationships
as the 1L mode; however, the frequency is increased to approximately three
times the frequency of the 1L. In a similar manner, this type of mode identi-

fication may be applied to modes of higher order.

If the pressure transducers are not equally spaced or do not coincide
with pressure antinodes, the amplitude of the pressure oscillation may be
determined by the location of the transducer with respect to the pressure
profile, By assuming the pressure oscillations are acoustic in nature, the
actuallamplitude may be adjusted by assuming a sinusoidal pressure profile
(shown in Figure 45). The proportion of maximum amplitude to measured ampli-
tude may be determined by the point at which the transducer location intercepts

the curve for the given mode,
6.2.2,2 Types of Instrumentation

The severe environment encountered in a combustion chamber imposes
stringent requirements on the instrumentation. Considerable research and
development has been conducted in development of high-~frequency response
instrumentation for measurement of pressure oscillations in rocket combustion

chambers., It is often necessary to isolate this instrumentation from the
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6.2, Development Testing (cont.)

thermal environment and from the vibration of the transducer mount on the
combustion chamber in order to obtain data which reflect actual pressure
oscillations in the combustion chamber. A detailed description of recent
developments in instrumentation for measuring combustion instability is given
in the References.* A detailed description of several pressure transducers is
also givenff, including the Photocon 352A and helium bleed Kistler transducers

which have both been used extensively on Contract NAS 8-20672.#

The Photocon 352A transducer is especially suited for hardware
intended for field use in that the transducer is ruggedly constructed and has
a water-cooled heat shield which improves its thermal characteristics and
reduces susceptibility to shrapnel damage from pulse charge fragments. This
transducer is commonly used behind a flame shield in an attempt to protect it
from the erosion resulting in chamber streaking because of injector incompati-
bilities., Care must be exerted in interpretation of data when using a flame
shield in that the resonance of the transducer's mounting may distort amplitude
or decay data. The resonance characteristics of transducers have been investi-

gated analytically and are discussed in Section 6.2.2,3.

The helium bleed pressure transducer is well suited for use in a
combustion chamber and has the advantage over Photocon transducers in that no
part is exposed to combustion, and it is therefore protected from the thermal
environment and damage from shrapnel., Another advantage of this type of
transducer is that it provides a gas of known density between the transducer's
sensor and the combustion gases, thereby permitting accurate calculation of

the resonant frequency of the transducer assembly. By bleeding helium through

*Special Considerations for Combustion Instability Instrumentation and Data
Representation, prepared by the Committee on Instrumentation and Test Data,
ICRPG, Chemical Propulsion Information Agency, CPIA Publ. 170, June 1968,

fGemini Stability Improvement Program, Contract AF 04(695)-517, Final Report,
Vol. 6, Instrumentation Report GEMSIP FR~1 SSD-TR-66-2, 31 August 1965.

Page 209



Report 20672-P2D
6.2, Development Testing (cont.)

the transducer during combustion, the sensor is thermally protected by the
helium environment and provides a continual bleed of gases, purging the aper-
ture of foreign particles generated during testing. Two models of helium
bleed transducers were tested during this program. One model designed by
Aerojet and designated HB3X uses a Kistler 601 transducer in the helium bleed
housing., This transducer is particularly suited for insertion between
regenerative cooling tubes or in ablative chambers. The other is the Model 615
transducer made by Kistler; it fits conveniently in a 1/4-in. AN fitting and is
especially suited for use with workhorse hardware, The major problem with the
Kistler transducers is that the electrical pickup is sensitive to the intru-
sion of moisture and the transducer may take a dc shift due to saturation of

the charge amplifier during the engine's ignition.
6.2.2.3 Effect of Transducer Mounting Resonance on Decay Measurements

To get the most accurate measurements of pressure oscillations in a
chamber, a pressure transducer should be mounted flush with the wall of the
chamber, However, because of the high temperature of the chamber gases, it is
sometimes necessary to recess the transducer from the wall, Depending on the

configuration of this recess, some distortion may be introduced.

What follows is a discussion of the effect of transducer resonant
frequency and damping. The comparison is between what is actually happening
in the chamber versus what the output of the transducer is as the transducer
resonant frequency approaches that of the chamber. The results presented were
obtained from an analog computer using the following rélationship for the

transducer transfer function. (See Nomenclature for definitions.)

P
T 1
i 7 et Eq 32
—T'i' 5 + 1
Qo ®or
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6.2, Development Testing (cont.)

¢ The response of the pressure transducer to an exponential sinusoid

.C . . . .
(e; sin woct) can easily be obtained on an analog computer. To obtain the
exponential sinusoid, it was decided to use the output of another second order

system to a Dirac delta function.

1
Pc = wz ijZC Eq 32a
- ~§—-+ P + 1
w w
ocC ocC

To run cases on an analog computer, values must be established for
Lps Wops Gos Woer The quantities o _and w__ can be obtained from existing
oT c oc! c oc

test data. The quantities o, and w p are determined by the configuration of

T
the recess. For this study, w

T
should be chosen at various fractions of the

oT
frequency 0o The quantity on is determined by the damping characteristics
of the recess. This must be estimated analytically. The resistance per unit
length*, R, is given by:

2 V20w

R = D Eq 33

The acoustic equation, including the frictional force described above, is

given by:

2 —
3P _ ju(jwp + R)
52 — 7=
X c " p

p' = 0 Eq 34

The solution for the ratio of pressures in a dead-end tube can be given as:

Lo 1/2
p' ___1 _ jw(up + R)
o7 Tosh Rx where K (C)ZE' Eq 35

*A Study of the Suppression of Combustion Oscillations with Mechanical
Damping Devices, Pratt & Whitney Aircraft Final Report PWA FR-1922,
Contract NAS 8-11038, July 1966.
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6.2, Development Testing (cont.)

After algebraic manipulation, cosh Kx can be written as a complex number,
& + jx. At resonance, X = 0. The value of 6 at this point can then be

ZOLT
compared to a——-to get an estimate for o

T.
oT
Table 15 shows the result of evaluating the effect of transducer
resonance on input frequencies. The ratio of the critical frequency for the
system to the transducer resonance at selected damping ratios was studied at

a variety of damping ratios for the chamber and transducer cavity.

The results from these studies illustrate significant decay rate
characteristics that will aid in the analyses of test firing data. For
example, analog Run No. 1 shown on Figure 46, with the transducer and chamber
natural frequencies equal, shows that the decay rate within the chamber is
different from that recorded by the transducer. It should also be noted that
the transducer decay plot yields first a growth (positive slope), then a decay

(negative slope).

Run No, 2, shown in Figure 47, is representative of a "beat"
phenomenon with slopes being measured along both the high and low portions of
the curve., Differences in the decay rates recorded by the pressure transducer
and those actually occurring in the combustion chamber show different slopes.
Run No, 23, shown on Figure 48, taken at the same natural frequency ratio as
Run No. 2, shows the effect of the increased value of the transducer damping
factor (three times that of the chamber). Two distinct slopes occur: the
first, lasting for approximately 25 cycles, measures the rapid decay of the
transducer system, while the second slope records the chamber decay. In such
cases it is important to use the second slope, allowing an appropriate time to
pass from the initiation of the impulse function. The reverse of this phenome-
non (i.e., a greater chamber decay) is represented by Run No. 18 shown in
Figure 49, which shows a transducer "ringing' after the chamber decay period.

(Text continued on Page 222.)
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Table 14 -- Results of Analog of Transducer Resonance to Input Frequencies
Decay Rate of Decay Rate
Chamber Pressure of Transducer
Run No. @oc/on 2cc 2t db/cycle db/cycle

1 1.0 0,01 0,01 0.22 0.12(1)

2 0.9 0.01 0,01 0.20 0.28

3 0.8 0.01 0.01 0.28 0.32

4 0.7 0.01 0.01 0.22 0.32

5 0.7 0.01 0.05 0.24 0.26

6 0.8 0,01 0.05 0.26 0.26

7 0.9 0.01 0.05 0.28 0.28

3 1.0 0.01 0.05 0.24 0.24

9 1.0 0.02 0.05 0.46 0.40
10 0.9 0.02 0.05 0.54 0.50
11 0.9 0.02 0.05 0.46 0,60

12 0.7 0.02 0.05 0.48 0.48
13 0.7 0.02 0.03 0.50 0.48
14 0.8 0.02 0.03 0.56 0.44

15 0.9 0.02 0.03 0.44 0.50 (2)
16 1.0 0.02 0.03 0.46 1.60 & 0.45(2)
17 1.0 0.02 0.01 0.54 1.74 & 0,22
18 0.9 0,02 0.01 0.46 0.32
19 0.8 0.02 0.01 0.54 0.34 (3)
20 0.7 0.02 0.01 0.46 0.36 & 0.26(3)
21 0.7 0.01 0.03 0.26 0.42 & 0.26(3)
22 0.8 0.01 0.03 0.24 0.40 & 0.30(3)
23 0.9 0.01 0,03 0.22 0.43 & 0.28(2)
24 1.0 0.01 0.03 0.28 1.80 & 0.28

25 0.3333 0.01 0,03 0.24 0.26 (3)
26 0.4 0.01 0.03 0.22 0.30 & 0,24(3)
27 0.5 0.01 0.03 0.26 0.32 & 0,18
28 0.6 0,01 0.03 0.24 0.26

29 1.1 0.01 0.03 0.22 0.52(1) & 0.12(3

NOTE: (1) 'This decay rate appeared 40 cycles after the initiation of the
impulse signal., Prior to this time a growth rate was recorded
by the transducer.

(2) This decay rate appeared approximately 15 cycles after the
initiation of the impulse signal. Prior to this time a growth
rate was recorded by the transducer.

(3) Second decay rate recorded approximately 25 cycles after the
impulse,
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CURVE A - Impulse Function

CURVE B - Chamber Pressure Decay

CURVE C - Transducer Response To Chamber Pressure Decay

Figure 47 —- Analog Run No. 2
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I mpulse Function

CURVE A

CURVE B - Chamber Pressure Decay

CURVE C - Transducer Response To Chamber Pressure Decay

Figure 48 -- Analog Run No. 23
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6.2, Development Testing (cont.)

In summary, these studies have shown that (1) the decay rate measured
by the transducer may differ from the true chamber decay, (2) the decay may
first appear as a growth followed by a delayed decay, (3) the significance of
beating, and (4) the effect of varying the damping factor values of both the

transducer and chamber.

These results are required to interpret correctly the logarithmic
decrement data (B&K plots) for actual test firings. The limitations on the
use of these curves are ﬁhat knowledge of the resonant frequencies of the
chamber and transducer are required and values for the damping factors must

be obtained.

Though the results of the entire analog study of decay rates are
most important for data analysis, it is highly important that the designer
recognize that the dynamic pressure instrumentation he selects must have a
natural frequency range at least 30% greater than the observed system fre;

quency to reduce distortion to a minimum.

6.2,3 Testing Requirements

The rating of a thrust chamber assembly in terms of stability
requires the use of high frequency instrumentation located as discussed in
Section 6.2.2, Stability rating is accomplished by employing a pulsing device
and recording the combustion chamber overpressure required to initiate a
sustained instability. Of the variety of pulsing devices used, the tangential
pulse gun and the nondirectional pulse change (NDPC) are most common. The
pulse gun (shown in Figure 50) has been used exclusively during the stability

rating on Contract NAS 8-20672, The NDPC is shown in Figure 51.

Several criteria have been used to evaluate engine stability such as

the ratio of pulse amplitude to nominal chamber pressure required to induce
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6.2, Development Testing (cont.)

"go" or '"mo go'" criteria where the various

instability in a given system, a
injectors are rated by their ability to damp a particular type of induced
disturbance or the stability of the system to a certain minimum over pressure.
This latter measure is the one generally used, although the degree of over-
pressure specified varies from system to system. When more than one injector
type successfully meets requirements the selection is then based on the rate

of decay or the time to decay to a predetermined level (e.g., +5% P.).
6.3 DATA ANALYSIS

6.3.1 High Frequency Analog Record

Of the methods available for amalyzing the dynamic pressure charac—
teristics of a system, the majority of data may be obtained directly from the
high frequency analog vecord. The predominant frequencies in the instability
may be determined by filtering the analog record with several band pass
filters, or power spectral density plots may be used to identify frequencies
present in the chamber and thevmagnitude of each. The phése relationship of
these frequencies at the known transducer locations may_ be determined to

identify each mode.

The filtered analog record is best used for determining a mode of
instability in that high frequency oscillations due to transducer "ring" or
simple combustion noise will be removed. Care must be taken to insure the
filter is not also affecting the data., This is best accomplished by altering
the filter characteristics’or characterizing the filter response to a known
input, Identification of the location of nodes must be done first to determine
the amplitu&e relationship of the various pressure traces (see Section 6.2 for
details of amplitude deﬁérminations). Secondly, the amplitude relationship

for both transverse and longitudinal modes must be determined in terms of
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6.3, Data Analysis (cont.)

axial position down the chamber, Next, a time line on the analog record should
be established together with the phase relationship of the instability as
recorded at each transducer and these phase and amplitude data correlated with
the theoretical mode relationships. A detailed description of this method of
mode identification is given in Section 6.2. An example of the use of analog
data in conjunction with amplitude and phase diagrams is shown in Figure 52,
This figure demonstrates the technique for a more complex wave form in identi-

fication of a 1T-2L mode of instability.

6.3.2 Power Spectral Density Plots

Power spectral density plots are important in determining relative
magnitudes of the various modal frequemcies present in an instability. An
example of a power spectral density plot of a complex mode form in which two
modes predominate is shown in Figure 53. It is common for a test
record to contain multiple modes which change during the test. (These changes
may be caused by any number of effects such as changes in fuel temperature,

mixture ratio variations, changing chamber pressures, and others.)

Often useful is a variation of the power spectral density data in
which the test is analyzed using a fixed frequency band filter and observing
the changes in amplitude of a particular mode throughout the test. Frequently
a given test parameter affects the stability of a system. One may observe one
mode at the beginning of a test and as the test progresses the mode will change
to a mode of a higher or lower order. This may be caused by a change in one
of the operation parameters which affect stability (e.g., chamber pressure,
propellant density, or propellant phase and others). To evaluate an entire
test, the predominant modes and the period during which each is sustained
during a test should be determined. A fixed frequency band filter may be
applied to the analog record and power spectral density plots run at a variety

of frequency bands for the entire test duration.
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6.3, Data Analysis (cont.)

6,3.3 Fixed Frequency Bandwidth - Pressure Amplitude Data

This type of data is obtained by passing the unfiltered analog data
through a fixed-frequency bandwidth filter and obtaining the sound pressure
level (decibels) of the instability.

- An instrument for obtaining this type of data is the Bruel and Kjael
spectrometer (B&K Analyzer). In this analyzer, the data are plotted in
decibels on the ordinate against time on the abscissa. A measure of a system's
susceptibility to instability is often given in terms of the time required for
a given pressure perturbation (pulse) to decay. In the case of stability
research with subscale hardware, as done with transverse or longitudinal
excitation chambers, the decay rate and growth rate data may be obtained
directly from the B&K record as db/sec, or when divided by the observed

frequency from the analog record as db/cycle,

An example of B&K data used in conjunction with the analog record
is shown in Figure 42, These data are characteristic of those obtained with
the transverse excitation chamber, On this record, the second transverse mode

occurred first, decayed, and the first transverse mode grew.
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NOMENCLATURE

Latin

Area, chamber throat

Injection distribution Coefficient

Acoustic velocity
Specific heat at constant pressure, constant volume
Diameter, general

Diameter, oxidizer injector orifice, resonator

orifice

Energy

Base of mnatural logarithms

Function as in F (VR sin @)

Frequency

Sensitive frequency

Combustion response

Acceleration due to gravity (32.2

Enthalpy

Height, baffle

Term in a sequence; alsoV-1

Bessel function of first kind

As defined in Equation 35, pg 211

Longitudinal mode

Length

Mach number

Interaction index; also as n = 1,2,3 ...

Combustion response, chamber

Combustion response, injector at sensitive

frequency

Pressure, general

Chamber pressure
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NOMENCLATURE (cont.)

Latin
Critical pressure (usually of the less volatile
propellant)
Ratio to critical pressure (Pc/Pcrit)
Pressure at chamber throat
Burning rate
Heat flux
Radial mode
(Equations 33 ff) resistance per unit length
Universal gas constant (1545 Btu/1b°F
Radius '
Transfer function
Argument to Bessel function for transverse modes
Tangential mode
Temperature
Time
Wall thickness (acoustic resonators)
Linear displacement
Volume

Velocity ratio (fuel to oxidizer)
Greek

Ratio of specific heats

(Table 15) damping ratio (damping + critical
damping)

Chamber damping ratio

Transducer damping ratio

Order of radial mode (= number of derivatives of

Bessel function)

(1) Angular displacement
(2) Real part of argument of KX

Dynamic viscosity
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NOMENCLATURE (cont.)

Greek

Order of tangential mode (= order of Bessel function)
Density

Area ratio of face of resonator (Acoustic Liners)
Sensitive time lag

Angle of impingement between propellant streams
Imaginary part of argument KX

Angular velocity

Natural frequency of chamber

Natural frequency of transducer

Subscripts

Effective

Face

Resonator

Chamber

Throat

Resonant frequency, chamber
Resonant frequency, transducer

Transducer
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Although combustion stability problems encountered in engine develop-
ment have usually been solved by trial-and-error methods, a number of analyti-
cal approaches have been originated. For purposes of discussion, it is con-

venient to group these analytical approaches into three categories:

a. Response factor approach
b. Mechanistic-numerical analysis

C. Sensitive time lag theory

In the following paragraphs brief descriptions of each method are given and
the general philosophy, advantages and limitations, and use in design and
development are discussed. Since the Sensitive Time Lag approach is the sub-
ject of the manual to which this Appendix is attached, its discussion here

will be appropriately short.
A, RESPONSE FACTOR APPROACH

Analytically, the simplest and perhaps most easily appreciated
method is the response factor approach. The unsteady operation of the rocket
engine is viewed as resulting from the cumulative effect of many separate com-
bustion and flow processes. For example, if the chamber pressure oscillates,
the combustion rate and the exhaust flow rate both oscillate. The combustion
adds energy to the oscillation, whereas the exhaust flow takes energy away.
Clearly, the growth or decay of the pressure oscillation depends on the bal-
ance between these two processes. The response factor approach thus consists
of (a) the evaluation of the response of each significant process to a chamber
pressure oscillation, and (b) the summation of the individual effects to deter-
mine whether there is a net positive energy addition to the oscillation. By
Rayleigh's criterion, the energy must be added in phase with the oscillating
pressure. The '"response factor' is the in-phase component of the energy addi-
tion, divided by the pressure oscillation amplitude. Hence, it may be thought
of as the real part of the process "transfer function." The response factor is

usually nondimensionalized by use of suitable steady-state reference quantities.
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A, Response Factor Approach (cont.)

Heidmann and Feiler®, who introduced the term '"response factor,"
base their analysis on the mass flow rate. Attention is focused on the
stability limit, at which the mass addition due to combustion (in phase with
the pressure) is just equal to the in-phase component of the mass efflux
through the exhaust nozzle. If several processes are considered in the mass
addition term, the net effect is taken to be the sum of the individual process
regsponse functions, each weighted by the fraction of the total mass flow enter-
ing into the process. However, the analyses published to date have concen-
trated on a single combustion process and have been restricted to purely trans-

verse modes. In addition, the nozzle loss has been taken as a constant.

Response factors have been derived for several possible rate-
controlling processes. Both linear and nonlinear analyses of droplet vapori-
zation have been performed by Heidmann and Wieber**. To explain the behavior
of gaseous hydrogen/liquid oxygen combustors, Heidmann and Feiler determined
theoretically the response of the gaseous hydrogen flow to high frequency
chamber pressure oscillations. This analysis includes a combustion time delay,
which must be empirically determined. The large response factor values found
for hydrogen injection (compared to other processes considered) indicate that
this process can be expected to have a significant effect on the stability of
an 02/H2 engine, A relatively simple analysis of atomization has also been

performed. #

* Feiler, C. E., and Heidmann, M. F., Dynamic Response of Gaseous-Hydrogen
Flow System and Its Application to High Frequency Combustion Instability,
NASA TN D-4040, 1967,

*% Heidmann, M. F., and Wieber, P. R., An Analysis of the Frequency Response
Characteristics of Propellant Vaporization, NASA TN D-3749, 1966.
Heidman, M. F., and Wieber, P. R., Analysis of n-Heptane Vaporization in
Unstable Combustor with Travelling Transverse Oscillations, NASA TN D-4324,
1966,

# Heidman, M, F., and Groeneweg, J. F., Dynamic Behavior of Liquid Jet
Atomization, Fifth ICRPG Combustion Conference, CPIA Publication No. 183,
1968,
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A, Response Factor Approach. (cont.)

Dykema®* has taken the controlling process for unsteady combustion
to be mass transfer by molecular diffusion from the surface of a liquid drop
to the surrounding flame. The drop is assumed to be spherical and the rela-
tive velocity between the drop and the surrounding gas is essentially zero;
hence, this model will be valid only at the location (near the injector face)
where liquid and gas velocities are equal. In Dykema's analysis damping
effects-are not treated quantitatively. Further, because of the difficulty in
evaluating many of the physical and chemical quantities in the response factor
equation, it is used mainly as a correlating equation. That is, the frequency
is normalized by a function of chamber pressure, injection orifice size, and
mass flow rate, and includes an adjustable constant. The response function is
positive only over a certain range of normalized frequency values. By compar-
ing stability test data for a given engine with the theoretical response curve,
a value of the adjustable constant can be inferred. It is then possible to
predict the unstable frequency ranges for other engines using the same

propellants.
B. MECHANISTIC-NUMERICAL ANALYSIS

Whereas the response function approach involves essentially an
"open-loop" analysis, the mechanistic-numetrical method originated by Priem
and Guentert** incorporates the effects of the burning rate oscillation on the
chamber pressure oscillation (feedback). The equations governing the unsteady
flow in a rocket combustion chamber are written very generally to allow for
non-sinusoidal waves and an arbitrary choice of the rate-controlling combus-
tion process. Because of the nonlinearities associated with the conservation
equations and the combustion rate equations the only practical method of solu-

tion is by numerical integration.

% Dykema, 0. W., op. cit.
%% Priem, R. J., and Guentert, D. C., Combustion Instability Limits Determined
by a Nonlinear Theory and a One-Dimensional Model, NASA TN D-1409, 1962.
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B, Mechanistic-Numerical Analysis (cont.)

The numerical solution begins with specified initial conditions,
which correspond to steady-state operation with a disturbance superimposed.
The governing equations, in difference form, are integrated at a number of
locations in the combustor to determine time histories. If the initial dis-
turbance decays, the combustor is stable. Usually, the distrubance amplitude
is varied until the threshold at which the disturbance begins to grow is
obtained. The accuracy of the solution, as well as the length of time required
to obtain it, depends on the number of chamber locations at which calculations
are performed and on the size of the time-step. At present, accurate solutions
for two or three space dimensions are prohibitively expensive. Therefore,
nearly all work has been based on an aﬁnular control volume that is wvery small

in length and radial thickness,

Priem's initial calculations made use of a quasi-steady vaporization-
controlled combustion model. The steady-state theory from which it was derived
had been successful in correlating performance data from a large number -of
engines. Two parameters were shown to control both the threshold perturbation
amplitude and the amplitude of the fully-developed oscillations. These param-

eters are a dimensionless burning rate

(where MX is the fractional burning rate per unit length, R is the mean radius
of the annular control volume, and €. is the chamber contraction ratio) and
the relative velocity between gas and liquid in the control volume. The most
unstable condition corresponds to % = 1, approximately; that is, at this value
of 2 the disturbance threshold amplitude is a minimum. Decreasing the rela-
tive velocity always is destabilizing, probably because of the dependence of

1/

the burning rate on Re 2 (Re = Reynolds number based on relative velocity),
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B, Mechanistic~Numerical Analysis (cont.)

as assumed in the theory. " Usually a minimum value of the relative velocity is

selected, corresponding roughly to the intensity of turbulence in the chamber.

A chemical-reaction-controlled combustion model has also been
studied*, It was found that this process is normally so fast that it would
not be controlling, except possibly for gaseous-propellant rocket engines.
Atomization# and gas-phase mixing** have received a small amount of attention,
but in most analyses the burning rates have been treated as vaporization-
limited. Such additional features as monopropellant decomposition## and drop-
let shattering®* have been incorporated into some mechanistic-numerical

models,

In practice, the stability analysis must be used in conjunction
with a steady-state analysis, which generates liquid and gas velocities, tem-
peratures, pressures, etc., at various locations within the chamber. Then the
stability analysis is used to determine, for the giveﬁ steady-state flow and
controlling combustion mechanism, the threshold perturbation for continuous
oscillations. When any of the design features or operating conditions are
-changed, the steady and unsteady analyses are repeated to determine a new
threshold value. Clearly, a change that results in an increased threshold is

a stabilizing effect.

*# Priem and Guentert, op cit.

%% Campbell, D. T., Combustion Instability Analysis at High Chamber Pressure,
Rocketdyne, Report AFRPL-TR-67-222, 1967,

# TIngebo, R. D., "Drop Size Distribution for Impinging Jet Breakup in
Airstreams Simulating the Velocity Conditions in Rocket Combustors,"
NASA TN 4222, 1958.

## Beltran, M. R., Breen, B. P., et al, Liquid Rocket Engine Combustion,
Instability Studies, Dynamic Science, Report No. AFRPL-TR-66-125, 1966.
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C. SENSITIVE TIME LAG THEORY

The sensitive time lag theory differs from both of the preceding
types of analyses in that the combustion mechanism is not specified. Rather,
a fairly simple, but general, combustion response function that involves two
adjustable parameters (n and t) is incorporated into a rigorous gas dynamic
analysis of the combustion chamber flow. Although the most complete develop-
ment of this approach has been that associated with very small perturbations
(linear theory), several studies of finite-amplitude oscillations (nonlinear

theories) have recently been published.*

There are both advantages and disadvantages in approaching the
combustion process as a 'black box," No initial assumptions or estimates of
combustion response coefficients or exponents need to be made. As a result,
very general theoretical results can be obtained, and some stability trends
can be predicted. However, a complete stability analysis requires that values
of the combustion response parameters be known. These parameters can only be
determined by comparing extensive stability test data with the corresponding
size, chamber pressure, mixture ratio, chamber Mach number, and injector pat-
tern design. A substantial amount of such information now exists,** although
it is not complete, and considerable data scattering is present. Nevertheless,
successful application to stability prediction and improvement has been

demonstrated#.

* (Crocco, L., Research on Combustion Instability in Liquid Propellant Rockets
Twelfth Symposium (International) on Combustion, The Combustion Institute
1969.

#% Reardon, F. H., Correlation of Sensitive-Time-Lag~Theory Combustion Param-
eters with Thrust Chamber Design and Operating Variables, Fifth ICRPG
Combustion Conference, CPIA Publication No. 183, 1968,

# Gemini Stability Improvement Program (GEMSIP), Final Report, Aerojet-
General Corp., Report GEMSIP FR-1, 1965,
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PURPOSE

The tests conducted during Phase 1 and Phase II of this program were
intended to evaluate the characteristics of injectors using oxygen-hydrogen
propellan.s with regard to combustion stability. Two injector elements were
tested: an annular combustor using a coaxial injector which had been pre-
viously tested with cylindrical hardware and a triplet injector design of a
type which was a primary candidate for use with the advanced cryogenic engine.

This discussion is concerned only with the triplet injector. Test
results relating to the coaxial injector element were obtained during Contract
NAS 8-11741 and are reported in Reference 1. Evaluations of the coaxial

injector design with an annular combustor are reported in Reference 2.

ANNULAR INJECTOR TESTS

Testing of the triplet pattern with annular chambers during Phase II
was limited to a single test of one injector. The test objective was to pro-
vide correlation with the results forthcoming from tests with the transverse

excitation chamber as will be described later.

The triplet elements in the injector were designed to duplicate the
elements that would be used in the excitation chamber. The arrangement is
shown in Figure B-l. There were 192 triplets in all, arranged in 24 radial
rows of 8 elements per row. The fo&r middle triplets in each row were
aligned at 60° to the row. The elements second from the end were oriented
at 75° and the end elements at 90° to the row. The fuel streams were fed
from a raised copper ridge and were directed parallel to the axis of the
chamber, while the oxidizer streams impinged from either side, emerging from
the stainless steel face of the injector. The lands on the injector face

between the oxidizer orifices were flame-sprayed with a zirconium oxide
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coating. The photographs (Figure B-1) show the injector prior to application
of the coating. A central steel post held an ablative sleeve to form the

centerbody for the annular combustor.

One test was conducted at nominal chamber pressure (1735 psia), 5.0
mixture ratio, and 66 1b/sec total weight flow. Seven high-frequency pressure
transducers were installed at various locations in the chamber to aid in the
identification of oscillatory modes. Three pulses of 20, 40, and 80 grain size
were fired at 50-millisecond intervals during steady state operation. The
80-grain pulse initiated an instability of low amplitude (100 psi peak-to-
peak), which was clearly identified on the test record. The total firing

duration was 798 milliseconds.

The face of the injector was completely eroded as shown in Figure B-2.
The erosion penetrated the oxidizer manifold, exposing the radial distribution
channels and in some cases the oxidizer feed holes leading from the main
manifold at the back of the injector, as can be seen in the photograph. The
fuel manifold remained nearly intact. The fuel injection orifices appear
in the photographs in the form of tubes of small diameter extending from the
injector face. The test record indicated that the erosion had reached the

oxidizer manifold at FS-1 4800 milliseconds.

The damage to the chamber was slight and occurred only in the vicinity

of the injector. This is evident from the photograph (Figure B-3).
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EXCITATION CHAMBER TESTS

A tool for the purpose of evaluating the combustion response of an
injector element was developed and demonstrated during Phases I and II of
this program. It is termed a transverse excitation chamber. It is a two-
dimensional chamber, with walls converging at a constant angle to form the
wider plane while the narrower plane is of comstant height. Oscillations
(combustion gain) are of greatest amplitude in the direction of flow and in
the direction of approach to the converging walls. The chamber is most
sensitive to modes of instability in the latter direction, that is transverse
to the direction of flow. -The chamber is provided with a removable lidvand
wedges, which when inserted, alter the wavelength of the fundamental mode,
making it possible to test over a range of natural chamber frequencies while
utilizing the same vehicle for testing. Two chambers were fabricated, one
with a 30° included angle with range from 2600 Hz to 7000 Hz, and one with
25° included angle and a range from 2800 Hz to 7000’Hz.‘ The length from the
chamber to the nozzle was the same in both chambers and the nozzles were inter-
changable. The chamber with the 36° included angle is shown disassembled in
Figure B-4. -Figure B-5 is a photograph of the chamber as installed on the

test stand.

The injector consists of cylindrical modules which are installed in
recesses at the end of the chamber opposite the nozzle and with the axes
normal to the wider plane. Each module for this test program contained 11
triplet elements arranged similarly to the rows in the annular chamber ‘
discussed'previously. Figure B-6 is a photograph of such a module and the
method of installation is shown in Figure B-4. The modules are removaﬁiéuéﬁdi
the number used for a particular test is determined by the size of wedge used

in the chamber.

Testing was conducted by bringing the combustor to steady state operation

and observing the combustion response as influenced by the chamber acoustics.
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During the test a pyrotechnic charge was fired in order to produce a pressure
pulse of high amplitude in the chamber. When an instability developed
spontaneously, its rate of growth to maximum amplitude (cycle limit) was
measured from the high~-frequency record. When an established, fully developed
instability was subjected to a pulse, the effect was a momentary unorganiza-
tion of the instability followed by a regrowth. If the operation was stable
at the time of pulsing, the rate of decay of the induced oscillations was

measured to determine the relative effect of system losses on the instability.

A total of 31 tests was conducted during Phase II. Table B-1 is a
summary of the test data, taken at different times during most tests. Table
B-2 is an extension of the Remarks of Table B-~l and includes additional
observations pertinent to the testing. The testing was conducted at varied
chamber pressure, mixture ratio and injection velocity ratio. In addition,
Mach number was varied by altering the nozzle area between tests and the
frequency of the fundamental mode was also varied by the use of the wedges to

change the convergence angle of the chamber.

It was observed during the testing that combustion occurred from 1 to
2 in. away from the injector. There was erosion of the area adjacent to the
last triplet at both ends of the injector modules which multiplied the number
of times that the chamber had to be repaired as compared with the frequency
of repairs required when operating with injectors having normal character-

istics with regard to erosion.

The test data provide basic input for design criteria. (See Section 3
of the basic report for discussion of their use.) Figure B-7 is a plot
of growth rate and of decay rate as functions of frequency. These data show

that the sensitive frequency is in the vicinity of 2900 Hz.

A composite correlation equation was devived from the application of
Sensitive Time Lag concepts to the test data. Figure B-8 was constructed by
plotting the expression o )1/3

c
T X 075

1/2
d,)
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against values of Pc/Pc .., where

rit

T = gensitive time lag, msec

MC = Mach number

dOX = oxidizer orifice diameter, in.

PC = chamber pressure, psia, and

PCrit = critical pressure of the oxidizer

The correlation equations resulting are

and

/2 c
Mc P ?

!
1

1
0.275 (dox) PC < Pcrit’

1/2 -1/2
= 0.275 (d_) ™)) , P >P .

—
|

It was concluded on the basis of the test results that:

1)

2)

3)

The transverse excitation chamber is an effective tool for

‘obtaining the sensitive frequency of an injector,

The sensitive frequency of the triplet injector that was tested

is near 2900 Hz, and
Because of the erosion noted above that occurred during the

testing, that the pattern of this injector is incompatible with

the transverse excitation chamber.
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Figure B-1 —- Triplet Injector Before Firing, 1 of 2
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Figure B-2 -~ Triplet Injector After F
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Figure B-3 -- Annular Chamber After F
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Figure B-6 —- Injector Module Insert, 2 of 2
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